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ABSTRACT
Telecommunication has rapidly evolved in the past decades, quickly becoming one of the
most expansive industries, especially with the presence of new attractive eras like 5Gnetworks, automotive radars, and CubeSats. The use of miniaturized satellites such as
CubeSats for cheaper and wider communication coverage has opened the possibilities for
cluster satellite communication. These units exist in a continuously varying environment
as much physical as electromagnetic. Hence, the establishment of a successful
communication link among the space units but also ground stations becomes challenging.
This new situation can be confronted with the installation of new reconfigurable
antennas. These are emitting units performing diverse radiating characteristics on demand.
In other words, one reconfigurable antenna can take the role of multiple antennas of
different properties. This fact also troubleshoots the real estate limitations on CubeSats.
Greater benefits for modern wireless systems that outcome from such an antenna type, are
the improved spectrum efficiency by enabling more than one operation, the enhanced
carrier (signal) power, the reduction of the interference, the mitigation of multipath and
Faraday rotation phenomena, and many more.
This dissertation aims to provide a series of novel reconfigurable antennas with
frequency, pattern-space, and polarization agility. The antennas employ reconfigurable
networks for meeting the diversity properties while concluding the system to a single RF
port. The antennas are formed by planar structures with a PCB fabrication process to reduce
size and cost, but also to ease their assemble on CubeSat units or any device that requires
switchable radiating properties.
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1.

CHAPTER 1

INTRODUCTION
1.0 MOTIVATION
Such a fast technologically advancing world that exists nowadays pushes constantly the
efficiency boundaries of a provided service to be enhanced, which results in the
development of new tools. Regardless of the service type, there is a tendency to be accessed
remotely and eventually through a wireless point. For instance, subjects like smart cities,
the internet of things (IoT), 5G-network, automotive radars, and now space with CubeSat
clusters are based on wireless information transfer.
From the engineering aspect, efficiency improvement relies as much on software
advancement as on hardware. In the case of hardware, the more multifunction a component
is, the more the operations can be carried out. Antennas are hardware transducer
components installed at the last stage of a guided signal for converting it to a radiated wave
and therefore the result of wireless information transfer. These components are mostly
identified for a specific operation having a single role. However, to enable numerous
operations to be served from a single device, these components must be also modified in a
way to provide different radiating behavior on demand. Such a highly desired response
concludes to the reconfigurable antennas.
To this extent, the research presented in this dissertation manuscript is a result of the
need to develop new reconfigurable antennas driven by a single RF port and can switch the
radiating properties of frequency, pattern-space, and polarization on demand, for the
specific scenario of CubeSats communication. Nevertheless, the antennas demonstrate a
technology able to support any device that requires diversity in radiating properties.
The antennas will have a critical role in developing algorithms that will optimize the
reliability of a communication link.
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1.1 INTRODUCING THE RECONFIGURABLE ANTENNAS
The reconfigurable antenna concept is well explained in [1]–[4]. A summary that defines
a reconfigurable antenna is the ability of the radiating unit to switch in a different radiating
state than the existing one. This happens by intentionally redistributing the surface currents
that flow on an antenna system or perturbating its reactive and near electromagnetic fields.
To do so, a mechanism must be introduced to the system, such as parasitic components,
extended dielectric and conducting sections, actuators, or even circuits at the feeding
network of the antenna. The introduction of those mechanisms happens by employing
active switching components, like diodes, MEMs, varactors, etc.
Frequency reconfigurable antennas can tune in different frequency bands and are
presented in Chapter 2. Pattern reconfigurable antennas can change radiation patterns and
therefore to form beams in other directions. This group of antennas is presented in Chapter
3. Chapter 4 presents polarization reconfigurable antennas that can radiate in different
polarization schemes. It is found that employing a reconfigurable feeding network to enable
change at the antenna behavior allows greater control on the desired final properties, and
therefore, all models are designed with this approach. In addition, the feeding network is
arranged to maintain good matching at all antennas’ variable states.

1.2 INTRODUCING THE CUBESAT
The antenna models are designed for CubeSat communications. CubeSats stands for cube
satellites and are categorized as nanosatellites that weigh 1 to 10 Kg. The CubeSat standard
is U (unit) and it ranges from 1U to 12U. Each U has a size of 10 cm x 10 cm x 11 cm,
with multiple units to have a different arrangement, [5]. The CubeSats were introduced as
a university project to conduct affordable experiments in space. A few years later, CubeSat
development was embraced by organizations and industries since they recognize how costeffective is to operate a space experiment or investigation comparing to the deployment of
large satellites, [6].
The antennas installed in CubeSats are categorized by their gain range to Low Gain
Antennas (LGAs < 8 dBi), Medium Gain Antennas (MGAs < 25 dBi), and High Gain
Antennas (HGAs > 25 dBi). This work presents antennas of LGAs and MGAs. An example
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of how a reconfigurable antenna can benefit CubeSat communication is signal
strengthening. Currently, omnidirectional antennas are employed to maintain contact with
a ground station during uncontrollable spacecraft movements. In contrast, a reconfigurable
pattern antenna could aim the beam only towards the signal direction instead of all over,
saving energy, reducing interferers, and improving the signal power. More benefits for
each reconfigurable antenna type and comparison with models in the literature are
presented next in each represented chapter.
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2.

CHAPTER 2

FREQUENCY – RECONFIGURABLE ANTENNAS
2.0 INTRODUCTION
Wideband operation, frequency reconfigurability, circular polarization, and high gain are
some of the most important antenna features that must be available in order to satisfy the
constraints imposed by the requirements of modern communication systems. More
specifically, the integrated antenna elements must satisfy frequency agility that targets both
K- and Ka-bands (18 – 40 GHz) for large capacity channels, and high circularly polarized
gain that compensates for polarization losses and signal fading. In fact, the required gain
must be greater than 10 dBic and the radiation pattern must have low sidelobe levels, in
order to secure a robust communication link. Furthermore, the antenna must be lightweight,
and planar with a small footprint for ease of integration.
This chapter introduces antennas and their respective design architectures suitable for
frequency reconfiguration in mmW bands, and specifically at the K and Ka ones. The first
model is a two-band reconfigurable filtenna composed of a modified ring resonator and a
4-element circularly polarized antenna. The second model is based on a reconfigurable
four-band filtenna enabled by a new modified ring resonator, and a larger array of 16
elements with a novel configuration. The third model utilizes the 16-element array to
introduce a low loss mmW reconfigurable diplexer. The fourth and last model utilizes all
the advanced techniques met in the preceding models to form a two-channel low loss
reconfigurable diplexer driven 64-element array antenna.

2.1 A COMPACT ACTIVE KA-BAND FILTENNA FOR CUBESATS
The first proposed antenna model is presented in Fig. 2.1 and is a right-hand circularly
polarized (RHCP) planar antenna that can reconfigure its operation between two center
frequencies in the Ka-band (26.5 – 40 GHz). The antenna is composed of a four-element
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(mm)

Figure 2.1 Proposed Two-Band reconfigurable filtenna in Ka-band.
array radiator and a reconfigurable bandpass filter (BPF). The radiating elements used are
circularly polarized fed by a sequential power divider for enhancing the polarization purity.
The filter is based on a ring resonator that is loaded with a variable open stub. The length
of the stub extends through a PIN diode switch, resulting in a change of the loaded
reactance into the ring, and consequently it tunes the antenna’s operating center frequency
from 30.3 to 29 GHz. The proposed combined Filtenna (filter + antenna) structure exhibits
a fractional bandwidth up to 3.8%, a peak realized gain that can reach up to 11.5 dBic, an
axial ratio of less than 1 dB, and a side lobe level that can be as low as -12 dB. The prototype
Filtenna is then fabricated and tested, where measured results verify the simulated data.

2.1.1

FOUR-ELEMENT ARRAY ANTENNA

The antenna description starts with the radiator which is a 4-element array antenna. This is
developed on a 0.5 mm thick RO3003 substrate with relative permittivity of εr=3 and loss
tangent tanδ=0.001. Initially, the antenna is designed to meet the required radiating
characteristics by relying on a combination of circular polarization (CP) techniques, such
as truncated patches and a sequential feeding network [7], [8]. The employed rectangular
patch has a size of 2.65 mm x 2.8 mm and a truncation length of 0.5 mm at its two opposite
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Arc3

Tr
TL2

(a)

Single Element
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(c)

(b)

(d)

Figure 2.2 Simulated response of a single element vs 4-element array. (a) Antenna
Models. (b) Reflection Coefficient-S11. (c) RHCP Gain. (d) Axial Ratio.
corners so that it produces the CP supporting mode, TM110. In addition, this modification
contributes to a larger bandwidth. The radiating elements are orthogonally cascaded to
form a four-element array in a circular pattern of radius 0.3λ0. The 90o-degree
consecutively aligned radiating elements, are equally power supplied with a 90°-degree
relative phase difference at fc= 29 GHz. This is achieved by relying on a sequentially
rotated power divider. Therefore, the CP condition is applied, and the axial ratio (AR) is
further improved.
A performance comparison between the single patch and the presented antenna array
6

is illustrated in Fig. 2.2. The single element and the four-element array topologies are
presented in Fig. 2.2(a). The obtained results clearly show that the new array configuration
improves the performance in terms of operating bandwidth - Fig. 2.2(b), gain - Fig. 2.2(c),
and axial ratio - Fig. 2.2(d). Specifically, the array design has a 3 GHz CP operating
bandwidth (27.8 – 30.8 GHz), which is 2.4 GHz wider than the single element. In addition,
the axial ratio at fc = 29 GHz has been decreased by 1.2 dB. The RHCP gain for the
operating range is now 7.2 – 11.65 dBic which has been improved by 5 dB at fc = 29 GHz.
The power divider, as shown in Fig. 2.2(a), consists of four arcs labeled as Arci (i = 1
- 4). Each arc is connected to a 0.2 mm thick line that feeds the radiating element, whose
input impedance is 125 Ω. The first (Arc1) has an angular length of 45° degrees, while the
rest (Arc1-4) have angular lengths of 90 degrees each. The optimized width of each of
Arc1-4 is 2.15 mm, 2 mm, 1.5 mm, and 0.2 mm, respectively. The indicated microstrip
line TL2 (50 Ω : width = 1.3 mm) extends from the filter output port and is connected to
the power divider utilizing the λg/4 transformer Tr (width = 0.75 mm, length = 1.5 mm).
The idea behind the design of the sequential power divider is depicted in Fig. 2.3. This
is characterized using circuit theory to equally distribute the input power towards its four
output ports, and transmission line theory to properly match the connected sections. To
facilitate the analysis, the sequential power divider is expressed with a schematic of its
expanded form, and with assigned impedances at each of its lines. The extracted formulas
that describe those impedances are:
2

Za =

Z4
Zp4

Eq. 2.1

Zb =

Z23
Zp3

Eq. 2.2

Zc =

Z22
Zp2

Eq. 2.3

Zd =

Z21
Zp1

Eq. 2.4
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|

0.25Pin

˪0o

0.25Pin

˪90o

0.25Pin

˪180o

0.25Pin

˪270o

Figure 2.3 Sequential power divider schematic and characterized impedance formulas.
Zab =

Za Zb
Za + Zb

Eq. 2.5

Zabc =

Zab Zc
Zab + Zc

Eq. 2.6

Zabc Zd
Zabc + Zd

Eq. 2.7

Zt = (Zabcd Zo )0.5

Eq. 2.8

Zabcd =

The output impedance Zpi (i = 1 - 4) describes the input impedance of the radiating
element (125 Ω). To reduce the array size, Zi impedances are chosen to be equal to the
Zpi. This provides a degree of freedom regarding the length of the line that connects to the
patch radiator. This is possible due to the established matched condition, where the
impedance point at Smith’s chart remains the same while the transmission line phase
8

varies. On the other hand, if Zi is chosen to be ≠ Zpi, then the length of the lines must be
λg/4. The impedance for each Arci section (Zab…) follows a similar approach, that is
designed for the input impedance derived using the circuit theory. This is the reason for
having Arc1 radial length (45o) different than the rest Arc2-4 (90o) sections and maintain
good array matching. It is noted that the favorable radiating characteristics of the array
antenna shown in Fig. 2.2, are acquired after fine-tuning.

2.1.2

TWO-BAND MODIFIED RING RESONATOR

The proposed loaded ring resonator is shown in Fig. 2.4(a), and it consists of a square ring
that connects to a shunt open stub. The two ports of the filter are capacitively coupled to
the loaded ring and the open shunt-stub is placed at an asymmetric position along the left
arm of the ring. A ring resonator alone is thoroughly analyzed in [9]; however, there is no
presented method to characterize the ring resonators loaded by an open stub. Hence, it is
essential to identify a circuit analysis approach that can analyze loaded ring resonators with
both symmetric and asymmetric patterns.
The circuit analysis is based on microwave networks such as ABCD, Y, S, and
transmission line theory. The first step of the presented analysis approach is to break the
filter structures into several transmission line sections as presented in Fig. 2.4(b). The first
transmission line section of length L1 corresponds to the segment of the ring that extends
between Port 1 and the open shunt stub. The transmission line section (length: L2) is
between Port 2 and the stub, while the third section (length: L3) is between the two
ports of the filter. The loaded stub is modeled with a transmission line of length st. The
various sections of the ring share the same width but different length, therefore, these are
identified by the same characteristic impedance Zr and different phase constant β as
presented in Fig. 2.4(c). Each segment of the ring can be modeled by the corresponding
ABCD matrix that is presented in Eq. 2.9.
cos( βn Ln ) jZn sin(βn Ln )
ABCDLn:1→3 = [
]
jYn sin(βn Ln ) cos( βn Ln )

Eq. 2.9

The shunt-stub is also characterized by a characteristic impedance Zst and a phase
constant βst. This allows the calculation of the input impedance Zin_st and accordingly
9

L1
Open
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Port 2
(b)

(a)
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(c)

S11
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Y22

S22

(d)
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Figure 2.4 (a) The asymmetric loaded-ring resonator filter. (b) The various transmission
lines that compose the filter. (c) The individual transmission lines for each
section. (d) The two parallel admittance sections. (e) The two-port Sparameters network model.
the loaded shunt stub can be represented by its corresponding ABCD matrix as shown in
Eq. 2.10, where Yin_st is the input admittance of the shunt stub.
1
ABCDYin_st = [Y
in_st

0
1]

Eq. 2.10

Thus, the proposed filter structure is presented by four ABCD matrices. If the two ports
of the filter are taken as the two reference points of the overall structure, then the filter can
be characterized by two ABCD matrices. The first matrix, ABCDa, is a combination of L1,
st, and L2 sections while the second matrix, ABCDb, corresponds to the single section L3.
These two matrices are calculated as shown in Eq. 2.11 and Eq. 2.12, and then converted
to impedance matrices Ya and Yb, respectively.
ABCDa = ABCDL1 × ABCDYin_st × ABCDL2 → Ya

Eq. 2.11

ABCDb = ABCDL3 → Yb

Eq. 2.12
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YMR = Ya + Yb → SMR

Eq. 2.13

This microwave network analysis enables the proposed filter structure to be represented
by two shunt sections as shown in Fig. 2.4(d).

The equivalent shunt impedance is

calculated and converted into the corresponding S-parameter matrix SMR as shown in Eq.
2.13. Fig. 2.4(e) shows the resulted equivalent two-port network of the asymmetric ring
resonator, which can be now characterized by the concluded matrix. The presented network
analysis is possible to account for more than one loaded shunt stub along the circumference
of the ring. Accordingly, such a technique is suitable for analyzing both symmetric and
asymmetric loaded-ring resonator filter topologies.
For validation, four different loaded ring resonator structures are investigated. These
four different topologies are presented in Fig. 2.5 along with their corresponding computed
transmission coefficient S21 [dB] using the proposed network analysis approach. The first
structure is chosen to include only the ring resonator while the second one includes a shunt
stub positioned on the left side of the ring and integrated at an offset distance from the axis
of symmetry of the overall topology. The third and fourth filter topologies contain two
shunt-stubs centered along the left and top sides of the ring. The four investigated structures
are also simulated using Ansys HFSS to obtain the corresponding S21 [dB]. A comparison
of the two extracted transmission coefficients is presented in Fig. 2.5 for the various
investigated filter structures. The reported results demonstrate the high accuracy of the
proposed approach over a span of frequency that extends between 10 – 50 GHz, where the
filter’s poles and zeroes overlap for both presented data.
The reconfigurable filter structure is chosen to integrate the minimum number of
switches in order to guarantee a minimum DC power consumption while achieving the
required frequency reconfiguration. The integration of the active components should also
ensure good isolation between the DC path and the RF signal along with the filter topology.
Accordingly, the open stub, highlighted in Fig. 2.1, is terminated by one PIN diode RF
switch in order to reconfigure the filter’s operating frequency. The corresponding
reconfigurable filter structure alone is presented in Fig. 2.6. The detailed dimensions of the
various parts of the filter structure are summarized in Table 2.1.1. The DC activation
of the PIN diode, labeled as PIN in Fig. 2.6(a), requires the integration of the two biasing
lines.
11

Microwave Network Analysis
(a)

(b)

(c)

(d)

HFSS Simulations

Figure 2.5 The computed S21 for the different loaded ring resonators structures using
both the presented microwave network analysis and the HFSS simulation.

b2
b3

stw
g
tw

TL1

DC out
r3
bw
r2

rw1 rw
2
TL2

(a)
(b)
Figure 2.6 (a) The proposed reconfigurable bandpass filter with the integrated PIN diode
switch. (b) The corresponding change in the filter’s S-parameters for the two
states of the switch.
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TABLE 2.1.1
DETAILED DIMENSIONS [MM] OF THE RECONFIGURABLE FILTER
Parameter
r1
r2
r3
rw1
rw2
g

Size Parameter Size Parameter Size
4
tw
1.3
b3
45o
1.7
st1
2.3
d1
1.47
2.15
st2
0.5
d2
2.18
0.23
stw
0.35
PIN
0.3
0.18
b1
1.9
bw
0.15
0.04
b2
1.9
la
9

The first bias line highlighted as DC in, is connected directly to the supply voltage,
and it is implemented as a high impedance transmission line (width: 0.15 mm) that is
terminated by a butterfly stub of radius 45o and radial length 1.9 mm. In order to achieve
the ground connection for the DC signal, a second biasing line is integrated and highlighted
as DC out. This bias line is connected to the top side of the ring and implemented as a
high impedance transmission line (width: 0.15 mm) of length 1.9 mm that is terminated by
a butterfly stub connected to the ground. The RF source that feeds the filter structure is
protected from the DC currents since the ring resonator is capacitively coupled to the two
ports by a small gap of g = 0.04 mm.
The operation of the reconfigurable filter is controlled by the extendable shunt stub
through the control of the integrated PIN diode that provides either OFF or ON state. The
stub length modification causes enough current perturbation to significantly alter the
operating frequency of the loaded ring resonator filter. Accordingly, a center frequency
shift of 1.2 GHz is obtained while utilizing only one active component. The change in the
filter’s S-parameters is summarized in Fig. 2.6(b). The two bands that correspond to the
two states of the PIN diode switch are 28.5 – 29.3 GHz and 29.6 – 30.65 GHz, respectively.
The insertion loss of the proposed reconfigurable filter is as low as 0.7 dB at the center
frequency of 28.9 GHz (ON state) and 30.1 GHz (OFF state). It is noted that the stubs’
dimensions and position are tuned while monitoring the current distribution on the filter
and its scattering parameters. As seen in Fig. 2.7, the RF current is blocked after the stub
reference point and the filter behavior remains unchanged.
A more in-depth analysis is conducted using a Smith’s chart (Fig. 2.8) in order to derive
the equivalent loaded reactance into the ring resonator. The reconfigurable filter response
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Figure 2.7 Butterfly open stub. Optimizing the design while monitoring the surface
currents and the filter response.

M2

M1
Z=96 Ω
Θ=72.7o

≡

OFF State
ON State
M2

M1
C= 187 fF

Figure 2.8 Equivalent circuit of the loaded reactance by the extended stub section into
the ring resonator.
is recorded at the two RF switch states (OFF-ON) for the frequency range 28 – 31 GHz. A
marker m1 is first placed for the matched upper band at fc=30.1 GHz. Then, a second
marker m2 is placed at the same frequency point but this time for the ON state. The
respective values are used in a Smith’s chart tool for deriving the equivalent reactance. The
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green curve describes the reactive load path m1→ m2. Following this path, it results in an
open shunt stub with the length of 72.7ο degrees at fc=30.1 GHz. The stub width of 0.35
mm is equivalent to a 96 Ω microstrip line. Also, this modification can be described by a
capacitor of 187 fF placed also in parallel.

2.1.3

ACTIVE FILTENNA STRUCTURE

To construct the active filtenna model shown in Fig. 2.1, the two above optimized circuits
are assembled in one. A prototype model is fabricated, as seen in Fig. 2.9(a), using highprecision PCB laser etching. The presented concept is then evaluated by testing the antenna
in an anechoic chamber. The diode is activated using a DC source of 1.5 V and 10 mA.
The comparison of simulated and measured results of the filtenna is presented in Fig.
2.9 and Fig. 2.10. The input reflection coefficient of the system (Fig. 2.9(b)), shows that
the measured results match the predicted simulated ones for both states of the active
filtenna. The actual operating bandwidths for the two states of the system are 29.65 – 30.8
GHz, and 28.55 – 29.65 GHz respectively, which can be interpreted to a FBW of 3.8%.
Fig. 2.9(c) depicts the realized gain of the antenna system. The minimum and maximum
CP gain (at Θ=0o degree) for the low and upper bands are 8.4 – 10.4 dBic and 10.3 – 11
dBic respectively. Again, the measured gain of the system agrees with the simulated data.
The axial ratio measurement of the antenna at Θ=0o degree is shown in Fig. 2.9(d),
performing similarly to the simulated results. This ensures circular polarization for both
operating states. The filtenna is well functioning in CP and gain beyond 9 dBic for the
frequency range 28.75 – 30.55 GHz.
Moreover, the two-band active filtenna system characterization is concluded with the
normalized radiation pattern plots in Fig. 2.10. The measured patterns are taken for the
two center frequencies of the system, (29 and 30.3 GHz) at the phi-angle Φ = 90o degree.
The sidelobe level (SLL) for the ON and OFF state is -12 dB and -8 dB respectively, while
the noticed discrepancies in the back lobes are attributed to the coupling effect on the
copper wires serving for the DC supply of the PIN diode. The measured patterns are also
well predicted by the simulated ones.
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31mm x 14mm

(a)

(b)

(c)

(d)

Figure 2.9 Simulated and measured results of the reconfigurable filtenna array. (a)
Prototype Model. (b) Reflection Coefficient-S11. (c) RHCP Gain. (d) Axial
Ratio.

Figure 2.10 Simulated and measured radiation patterns of the reconfigurable filtenna
array at Φ=90o for the ON state – 29GHz, and OFF state – 30.3GHz.
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2.1.4

RELATED WORK

Frequency reconfiguration of an antenna is possible by altering the electromagnetic
coupling environment of the antenna, the antenna shape itself, or its feeding network, [10].
The last approach is adopted in this work, where the proposed feeding mechanism
incorporates active BPF to achieve the desired frequency selection.
Examining these three techniques, the EM coupling method is seen in [11] and [12],
where the first model employs parasitic elements manually placed at an optimized distance
from the radiator to create capacitance loading, resulting in increasing the antenna
bandwidth. The lack of an automated mechanism makes the model impractical for
CubeSats. In [12], an antenna patch resides on a liquid crystal-filled cavity biased by a 20
V voltage source. The difficulty of constraining the liquid in a cavity and the high voltage
potential needed for the proper antenna function makes it an unattractive candidate for
space operations. In [13], a slotted waveguide antenna accommodates optical switches over
the slots to reduce their size when those are activated, and so to cause frequency
reconfiguration. Such a model requires an increased number of active components and
photo emitters. In [14], a fractal-type antenna is resized by numerous PIN switches that
connect metallic sections in order to reconfigure its operation.
Active filtenna models are suggested mainly in frequencies below 10 GHz [15]–[20],
but only a few in the spectrum of 26.5 – 40 GHz (Ka-band), [21], [22]. The fabrication of
active antennas at the Ka-band can be taxing due to the small dimensions and the need to
reduce any unnecessary losses. For instance, in [18] two resonating structures are
incorporated in the antenna feeding network in order to tune its operating frequency in the
C-band. On the other hand, a resonating structure is proposed in [23] for potential
frequency tuning at K-band. Such a reconfiguration alternative at K-band is faced with
fabrication challenges that are exhibited by active device degradation and model response
alteration.
It is noteworthy to mention that only a single active filtenna operating in Ka-band is
discovered throughout the literature review, presented in [21]. The authors suggested a
four-planar folded array with FBW of 2.5% able to change frequency between two bands
using a similar PIN diode component placed on the transmission line. This can produce a
linearly polarized gain of 6.4 dBi. This architecture allows minor frequency agility limited
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by the diode capacitance and the RF signal distortion depends on the active component
performance. In contrast, the proposed filtenna allows better frequency adjustment for the
second activated state, thanks to the reconfiguration of the loaded open stub, and minor RF
signal disturbance caused by the diode. Therefore, reconfigurable frequencies can be met
for various operations.
Researching the reconfigurable bandpass filters alone reveals that this has been also
extensively investigated primarily for the lower frequency spectrum (i.e., < 10 GHz) [9],
[24]–[30]. Most of the proposed structures follow the common principle of odd/even mode
analysis. Accordingly, the presented structures have a symmetric shape that produces
bandwidth reconfigurability [24]–[27]. Alternative architectures that are able to achieve
frequency reconfigurability are also proposed [9], [28]–[30]. Such structures have the
drawback of utilizing many active components which contribute to increased system
complications and losses. For example, in [28] a loop-ring filter configuration with
integrated four varactor capacitors within its transmission lines is presented. The
corresponding structure provides frequency reconfigurability for specific bias conditions.
In [29], the input and output transmission lines are coupled through a stub-loaded steppedimpedance resonator that is tuned by varactor diodes. In [30] three stacked varactor-loaded
split-ring resonators are switched one after the other in order to cover a broad frequency
range.
The design and implementation of reconfigurable filters that operate at the Ka-band are
very limited in the literature [22], [23], [31]–[34]. That is why the focus of the work
presented herein is to introduce a loaded ring resonator band-pass filter that relies on a
single RF switch PIN diode [35].

2.1.5

DISCUSSION

The design of reconfigurable antennas to operate in the Ka-band is a challenging task due
to the scarcity of the available active components. Besides, DC-biasing of active
components is either unavailable or suffers from a narrow dynamic range.
This model introduces a new compact active filtenna for CubeSats that covers the
frequency range of 28.55 – 30.85 GHz. The antenna is reconfigured through a tunable
bandpass filter resulting in a reconfigurable Filtenna. The proposed Filtenna consists of a
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wideband RHCP four-element array driven by a modified ring resonator. The ring
resonator employs a loaded reactance in the form of an open stub which is reconfigured by
relying on a PIN diode. The operation of the loaded ring resonator is characterized using
microwave network analysis and compared with electromagnetic-based simulations to
prove the validity of the presented approach. TABLE 2.1.2 provides a comparative
analysis of the suggested active filter with others reported in the literature. Most of the
reported reconfigurable filters at Ka-bands rely on complex designs with expensive
fabrication processes and a high DC voltage supply or bulky 3D components to achieve
the required reconfiguration. On the other hand, the proposed ring resonator presents an
easy-to-fabricate and low-cost design that enables frequency reconfiguration at Ka-band.
In summary, it is noteworthy to mention that the contribution in active Filtennas at Kaband is scarce and the occurred radiating traits of the proposed reconfigurable filtenna
make it suitable for CubeSat implementation for communications in Ka-band.

TABLE 2.1.2
COMPARISONS OF FREQUENCY RECONFIGURABLE FILTERS AT K AND KA-BAND
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2.2 A

MILLIMETER-WAVE

FREQUENCY

RECONFIGURABLE

CIRCULARLY POLARIZED ANTENNA ARRAY
The second suggested model discusses the design of a high gain circularly polarized
frequency reconfigurable printed filtenna array operating at K- and Ka-bands. The filtenna
structure is composed of a reconfigurable band-pass filter and a 16-element antenna array
as shown in Fig. 2.11. The filter is an active bandpass filter (BPF) composed of a ring
resonator and tunable load impedances to reconfigure its state for different load variations.
The load impedances are formed by relying on shunt open stubs that can be dynamically
extended using RF PIN diode switches. The BPF can cover the frequency region 23.75 to
30.1 GHz, with four tunable bands. Moreover, this model introduces a broadband circularly
polarized, over-truncated, patch array with a sequential rotation feeding network.
Therefore, the filtenna array is circularly polarized with an operation across a broad
frequency range, exhibiting a near 0 dB axial ratio over the entire band of interest.
The novelty of the work is based on two aspects. First, the filtenna array resorts to a
ring resonator that implements tunable open stubs in order to reconfigure the bandpass
frequency operation at K and Ka bands. Second, the presented sixteen-element filtenna
array relies on a plethora of techniques that are based on over-truncating patch antennas to
create dual-band circularly polarized elements, orthogonally cascading sequentially fed
antenna elements, and stacking the antenna topology while feeding the different elements
through vias at the minimum possible distance. Hence, the figure of merit created, provides
the optimized combination of techniques one can follow to design a high circularly
polarized gain (>12 dBic) antenna, with sidelobe levels less than (-17.5 dB), and an axial
ration <1 dB for a fractional bandwidth of 37.5% (21.2 – 31 GHz). As a result, a novel
antenna array topology that achieves frequency reconfiguration with circular polarization
over a wide band of frequency operation across K and Ka bands is presented.

2.2.1

16-ELEMENT ARRAY ANTENNA

A wideband mmW antenna that meets radiation characteristics such as narrow beam, small
SLL, and high gain with circular polarization, is developed to cover any reconfigurable
frequency band in a span of 10 GHz.
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Power Divider

16 – Element
Array

Common
Ground
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Figure 2.11 Proposed Four-Band reconfigurable filtenna system in K & Ka bands.
A dual-band elliptically polarized patch is designed by over-truncating the corners of a
rectangular patch. At this point, a favorable condition has been established that can improve
bandwidth, gain, and axial ratio when optimized design techniques are applied to form the
sixteen-element array antenna. The performance of the single element, four-element array,
and the sixteen-element array is shown in Fig. 2.12. As seen, the correlation of the three
antenna models proves that the sixteen-element array results in unique radiating properties
for most of the frequency range (21 – 31GHz), such as a reflection coefficient less than
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Single Element
4-Elem. Array
16-Elem. Array
(a)

(b)

(c)

(d)

Figure 2.12 Simulated response of a single element vs 4-element array vs 16-element
array. (a) Antenna Models, (b) Reflection Coefficient-S11. (c) RHCP Gain.
(d) Axial Ratio.
-20 dB (Fig. 2.12(b)), gain greater than 12 dBic (Fig. 2.12(c)) and an axial ratio less than
0.5 dB (Fig. 2.12(d)).
The array antenna is composed of four subarrays that each employs four radiating
elements with dimensions 3.3 mm x 3.4 mm and a corner truncation length of 1.4 mm. The
elements are orthogonally oriented with respect to each other and fed by a sequential power
divider [36]. This configuration minimizes the distance between the patches resulting in a
compact square subarray. Next, the subarrays are cascaded and fed through vias by a
similar sequential power divider that resides underneath on a different substrate. As a
result, the sixteen-element antenna array employs two stages of sequential power divider
networks, shown in Fig. 2.12(a).
The first stage is located on a 0.13 mm thick RT5870 substrate (εr=2.33 and tanδ=
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0.0012), (backside). This network has input and output impedances equal to 50 Ω and
serves as feeding for the second stage of the sequential power divider. The second stage is
located on the front side of the 0.5 mm thick RO3003 substrate. This stage consists of four
identical sequentially rotated power dividers where each feeds the four-element subarray.
Each sequential power divider has an input impedance of 50 Ω and an output impedance
of 135 Ω that corresponds to the input impedance of the truncated patches. The two
dielectrics are strategically selected since the thin RT5870 contributes to the TLs size
reduction and a low loss feeding network, while the thick RO3003 contributes to attaining
larger operating bandwidth with increased radiation efficiency. These design approaches,
result in multiple benefits such as distance reduction between the elements, SLL reduction,
smaller antenna footprint, and circularly polarized purity improvement. The subarrays have
an inclined angle that also enhances the SLL.
The antenna array is fabricated as shown in Fig. 2.13(a) and tested to validate its
performance. In comparison between the simulated and measured reflection coefficient
results, shown in Fig. 2.13(b), it is concluded that the measured response has the same
pattern as the simulated one. Any observed shift in the magnitude of the reflection
coefficient is insignificant since the entire response is under -15 dB.
The co- and cross-polarization gain plots are shown in Fig. 2.13(c), where the RHCP
gain is greater than 10 dBic. It is noticed that the co-polarization gain measurement has a
little different from the simulated one. This difference is due to the losses introduced by
the additional soldering and the copper rods used as vias to connect the top to the bottom
layer. The measured axial ratio behavior is seen in Fig. 2.13(d) which also agrees with the
simulated one, confirming the achieved pure circular polarization. The measured radiation
patterns at 23 GHz, 26 GHz, and 29 GHz in the phi plane Φ=90ο are shown in Fig. 2.14.
The three measured patterns show good agreement with the simulated ones having sidelobe
levels of -19 dB, -18 dB, and -17.5 dB, respectively.

2.2.2

FOUR-BAND MODIFIED RING RESONATOR

As previously practiced in the proposed model 1, a ring resonator is utilized to create a
bandpass filter by capacitively connecting two RF ports. The operating frequency of the
filter is defined by the wavelength that matches the perimeter of the ring. If the wavelength
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Top View

Bottom View
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Figure 2.13 Simulated and measured results of the proposed 16-Element array antenna.
(a) Prototype Model. (b) Reflection Coefficient-S11. (c) Co- and CrossPolarized Real. Gain. (d) Axial Ratio.

Sim.
Meas.

Figure 2.14 Simulated and measured radiation patterns of the suggested array antenna at
Φ=90o for three center frequencies 23 GHz, 26 GHz, and 29 GHz.
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is altered, then this will result in a change of the operating frequency. This is feasible when
introducing reconfigurable reactive loads in the form of open (or short) stub sections on
the ring, and the reconfigurable behavior of the loads is controlled by extending the length
of the stubs through RF switches. In this design, the ring resonator is modified with an
additional shunt stub to result in four reactive loads through the combination of the
activation states of two switches.
The characterization of the new modified ring resonator that employs two shunt stubs
is conducted based on the approach demonstrated in section 2.1.2, where Transmission
Line Theory (TLT) in combination with Microwave Network Analysis (MNA) are
leveraged. The analysis for the current filter model is presented next in the form of three
guiding design steps. These steps are accompanied by a circuit schematic in Fig. 2.15 to
exemplify once more the replication of the mathematical analysis.
Step 1: The ring resonator is divided initially into λg/8 segments. These segments can
connect to nearby ones if a port or stub does not exist between them, forming sections, as
illustrated in Fig. 2.15–State 1. Eventually, each section connects to two nodes (either the
ports or the parallel stubs). In this case, there are four sections indicated with the length
L=λg/4. Each transmission line must now be described with its characteristic impedance
(Zo) and its phase constant (β). For the sake of simplicity, the transmission lines are treated
as lossless. One can derive the above two required factors for the ring (Zr, βr) and the
stub (Zst, βst), from microwave engineering theory [37]. A complex large structure can
be characterized by breaking it down into smaller sections, and so each section of the ring
resonator needs to be expressed in terms of ABCD matrix. It is noted that the stubs are
placed in parallel to the sections, therefore, the input admittance of the stubs (Yin_st) as seen
from the ring must be acquired. The transformation of the sections shown in Fig. 2.15-State
1 to ABCD matrices is provided in Eq. 9 and Eq. 10.
Step 2: The next objective is based on estimating an overall admittance that
characterizes the circuit. For this purpose, the reference nodes are now the two ports of the
network. Therefore, the overall circuit is divided into two larger sections, the upper and the
lower one, as seen in Fig. 2.15-State 2. Similarly, these can be described in terms of ABCD
matrices as shown in Eq. 14 and Eq. 15. As a result, the two new sections that describe the
modified ring circuit have now a parallel configuration. Thus, the respective ABCD
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Figure 2.15 Schematic and characterization steps for asymmetrical ring resonator.
matrices ((Eq. 14)and (Eq. 15)) must be converted to Y-matrices in order to simplify adding
them up.
ABCDdown = ABCDL × ABCDYin_st × ABCDL × ABCDYin_st × ABCDL → Yd
ABCDb = ABCDL → Yu

Eq. 2.14
Eq. 2.15

Step 3: The overall ring admittance is obtained by adding the two admittances of the
upper and down sections as shown in Eq. 2.16. This matrix is then converted to a scattering
one (Eq. 16), as seen in Fig. 2.15–State 3, and the final two-port network describing the
two-stub modified ring resonator is derived.
YMR = Yd + Yu → SMR

Eq. 2.16

To prove the suggested analysis for this new circuit, the above equations that describe
the two-port network are coded in MATLAB [38] for deriving the transmission coefficients
response S21 (MNA). In addition, the circuits are designed in HFSS to derive the
electromagnetic (EM) simulated S21 response and therefore to verify the accuracy of the
extracted mathematical model. The simulated two-port network operating in the frequency
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Figure 2.16 S21 of the two-stub ring resonator – circuit analysis (MNA) vs model analysis
(HFSS).
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Figure 2.17 Simulated two-stub ring resonator. (a) Designed model, and (b) Passband at
the four states by the two diode RF switches.
range 10 – 50GHz and shown in Fig. 2.16 demonstrates great accuracy at the resonant
points (zeroes and poles).
Designing a filter with four reconfigurable bands requires assigning two switchable
reactive loads at the two sides of the ring, as depicted in Fig 2.17(a). Two PIN didoes (d1d2) are incorporated into the design in order to produce the four switchable states of the
reactive loads. The shifting of the resonant frequency of the filter is driven by tuning of the
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four alternative reactive loads that rely on the four states of the two PIN diodes (d1-d2:
off-off, on-off, off-on, on-on).
The filter is designed on a 0.5 mm thick RO3003 substrate (εr=3 and tanδ=0.0012). The
design of the filter consists of a 0.15 mm thick line to form the ring, two 50 Ω (1.3 mm
thick) lines TL1 and TL2 coupled to the ring, two extendable open stubs SL1 and SL2, and
the necessary circuit for the proper diode activation. The two thin lines (0.1 mm thick and
3.4 mm long) that are normally connected to the RF ports are tuning stubs that serve to
improve coupling with the ring which is separated by a gap of 0.05 mm. Line TL1 connects
to an RF feeding port while the TL2 line extends to a 0.6 mm x 0.715 mm x 0.57 mm
transitional matching network labeled TR. This is the transition from line TL2 to TL3 that
resides on a different dielectric. The 0.2 mm x 2 mm open loads labeled as Arms,
incorporate the two PIN diode switches d1|2, which, in turn, connect two different stubs
SL1 and SL2. The width and length of the first stub (SL1), are optimized to be 0.3 mm and
1.7 mm, while for the second stub (SL2), the dimensions are 0.3 mm and 2.15 mm,
respectively.
Each PIN diode is activated by applying the corresponding biasing requirements, B1
and B2. To limit the RF current at the stubs alone while permitting the DC currents to
escape to the Ground, high impedance lines (0.07 mm thick) with butterfly and radial stubs
(RF1, RF2, RF3) are implemented to act as RF chokes. For wideband operation, the three
RF-choke stubs have the corresponding radius and width, (r/w): RF1:1.65 mm /60o, RF2:1.5
mm /90o, and RF3:1.75 mm /60o.
The simulated response of the four-band reconfigurable filter is seen in Fig. 2.17(b).
The first diode state off1-off2 occurs at the highest frequency band between 26.6 GHz
and 29.5 GHz. The frequency shift occurs with the PIN diode activation. The greater the
reactive load is, the greater is the frequency shift. For the PIN diodes’ state on1-off2 the
operating band changes to 25.4 – 27.25 GHz, for off1-on2 the band switches to 24.3 –
25.5 GHz, and lastly, for the state on1-on2 the band reaches 23.7 – 24.7 GHz. The insertion
loss at all frequency regions is less than 2 dB.
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2.2.3

FOUR-BAND RECONFIGURABLE ANTENNA ARRAY SYSTEM

A Filtenna (filter + antenna) structure is formed by integrating the four-band reconfigurable
BPF at the feeding line of the sixteen-element array. This results in a stacked topology that
separates the feeding network and the radiating structure through a common ground plane,
as shown in Fig. 2.11. Such topology ensures better isolation between the guided and
radiating waves. The design is composed of the sixteen-element array (front-side), the array
sequential power divider, and the modified ring resonator. The first and the third circuits
are implemented on 0.5 mm thick RO3003 substrates while the second circuit is

OFF-OFF Sim.
ON-OFF Sim.

(a)

(b)

(c)

(d)

OFF-OFF Meas.
ON-OFF Meas.

OFF-ON Sim.
ON-ON Sim.

OFF-ON Meas.
ON-ON Meas.

Figure 2.18 Simulated and measured results of the reconfigurable 16-Element array
antenna. (a) Prototype Model. (b) Reflection Coefficient-S11. (c) RHCP
Real. Gain. (d) Axial Ratio.
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Figure 2.19 Fig. 9. Simulated and measured radiation patterns of the reconfigurable 16Element array antenna at Φ=90o for the on-on state – 25 GHz, on-off state – 26 GHz,
off-on state – 27.75 GHz, and off-off state – 29 GHz.
implemented on a 0.13 mm thick RT5870 substrate forming a compact antenna system in
an area of 43mm x 32 mm.
A prototype of this structure along with the measured results correlated to the simulated
ones are provided in Fig. 2.18 and Fig. 2.19. The various plots in Fig. 2.18 include four
states that correspond to the four combinations that can be extracted by the modified filter,
which employs two RF PIN diode switches. The reflection coefficient response is shown
in Fig. 2.18(b) with the measured resonant frequencies analogously matching the simulated
ones. The first state (off1-off2) of the antenna operates at 28 – 30.1 GHz, the second
state (on1-off2) operates at 26.7 – 28.4 GHz, the third state (off1-on2) covers the band
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24.4 – 27.1 GH, and finally, the last state (on1-on2) covers band 23.75 – 26.3 GHz. Thus,
the antenna array can cover an overall frequency range of 23.75 – 30.1 GHz.
Next, Fig. 2.18(c) depicts the RHCP gain performance of the filtenna. The measured
peak gain occurs at the center resonant frequency for each reconfigurable state, and these
are 12 dBic, 10 dBic, 12 dBic, and 13 dBic in a frequency ascending order. The measured
results are in good accordance with the simulated ones, while the 1.2 dB variation at the
higher frequencies (off1-off2 state) is mainly due to the various fabrication tolerances
whose effect is more pronounced with an increase in the operating frequency. The axial
ratio of the antenna system is illustrated in Fig. 2.18(d), which is less than 1 dB for all the
operational bands. Fig. 2.19 shows the normalized radiation pattern for the reconfigurable
center frequencies 25 GHz, 26 GHz, 27.75 GHz, and 29 GHz in the phi plane Φ=90o. The
four measured patterns show good agreement with the simulated ones, having sidelobe
levels less than -15 dB.

2.2.4

RELATED WORK

As mentioned before, frequency reconfiguration can be achieved either by manipulating
the surface currents on the antenna [39], [40] or by tuning its feeding network through the
integration of reconfigurable bandpass filters (BPF) among other components [16], [18].
Incorporating a BPF within the antenna’s feeding network in order to control its
operating frequency renders the combination of the structure to be called filtenna (filterantenna). In addition, the interference between the integrated BPF and the antenna structure
can be minimized in a filtenna topology. Thus, optimizing the performance of the whole
filtenna system can be simply addressed by first designing individually the two circuits and
then matching them at their common ports.
The ring resonator band-pass filter has been extensively analyzed in [9], [41], [42].
Resonator topologies such as rings or patches, contribute to circuit size reduction, while on
the other hand, the filter’s selectivity can be enhanced by several techniques. Such
techniques rely on introducing transmission zeroes through stubs, inter-digital capacitors,
filter cascading, or through the transversal signal interaction principle.
Different techniques have also been demonstrated in order to achieve circular
polarization as discussed in [7], [8], [36], [43], [44]. One of the techniques relies on dual31

band elliptically polarized curl patches that are aperture-fed using a substrate integrated
waveguide (SIW) feeding network [43]. In [8], [36], circular polarization is achieved by
utilizing narrowband circularly polarized truncated rectangular patches. The patches are
orthogonally oriented with respect to each other and fed using a combination of a sequential
rotation and a parallel feeding network to form a single layer N-element antenna array. In
[7], a wideband linearly polarized element placed in a cross configuration is fed by a double
sequential feeding network in order to excite circular polarization.

2.2.5

DISCUSSION

This model proposes a frequency reconfigurable filtenna array system at K/Ka-band. The
system consists of a ring resonator and a 16-element antenna array. The ring resonator
operates as a frequency passband filter which is characterized and analyzed by microwave
network analysis. The resulting filter implements two PIN diodes RF switches to tune its
frequency. Once combined with the antenna array, the resulting filtenna array tunes its four
frequency bands covering the range of 23.75 – 30.1 GHz. The presented antenna array
achieves distinguished radiating characteristics, such as an almost pure polarization (AR<1
dB) in a FBW of 35.8%, sidelobe level less than -17.5 dB, and gain as high as 13 dBic.
A comparison with other suggested models found in the literature is provided in TABLE
2.2.1, in order to emphasize the superior performance of the proposed model. For this
objective, a Figure of Merit (FoM) is created as an index of the overall achieved antenna’s
attributes. In addition, the table includes the techniques involved in each listed model,
which contribute to the final performance.
FOM(dB) =

FBW of AR
× SLL
FBW of CP Gain

Eq. 2.17

The FoM defined in Eq. 2.17 includes several design specifications. The first design
parameter is the 3 dB fractional bandwidth (FBW) of circularly polarized gain with
reference to the peak gain. This factor considers the useful operating bandwidth while
assuming the circular polarization behavior of the antenna. The second parameter is the
FBW of an AR that is less than 1 dB. This ensures circular polarization performance with
very low AR. The last factor is the absolute sidelobe level of the radiation pattern, which
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ensures interference reduction in the operating bandwidth. These factors constitute the
main parameters of the proposed FOM, where the greatest value is interpreted as the most
efficient model according to the set requirements. The presented structure herein features
the highest FOM (i.e. 17.75 dB) in comparison to the other referenced work in TABLE
2.2.1. Such a level of FOM emphasizes the improved radiation behavior of the designed
16-element antenna array structure.
TABLE 2.2.2 compares the presented reconfigurable filtenna with other existing
reconfigurable antennas operating at K and Ka bands in the literature. The reported work
herein features unique characteristics in achieving circularly polarized radiation over four
distinct bands with a maximum gain of almost 13 dBic.
The established filtenna system is a new contribution for implementation within future
communication systems.
TABLE 2.2.1
COMPARISONS OF CP ANTENNAS
Ref.

NE

Fc / FBW

[43]
[8]
[36]
[16]
[17]
This
Work

64
64
4
16
64

37.5/35.4
29 / 13.8
29.7/15.4
59.9/22
31/22

Gain Peak
dBic /
3dB FBW
23.5/32.2
N/A/3.07
13.59/20.2
15.98/9.5
23/15.43

16

26/38.5

13/35.3

FBW of
AR<1dB

SLL

FOM

Antenna
Topology

Feeding
Method

Power
Divider

Element
Pol.

Element
Band

System
Pol.

7.36
2.8
0
0
11.45

11
11
22^
10
13

2.51
10.03
0
0
9.65

Stack
One Layer
One Layer
One Layer
Stack

Aperture
Direct TL
Direct TL
Direct TL
Aperture

Parallel
Sequential
Sequential
Sequential
Sequential

Elliptical
Circular
Circular
Linear
Circular

Dual
Narrow
Narrow
Broad
Broad

Circular
Circular
Circular
Circular
Circular

35.8

17.5*

17.75

Stack

Vias

Sequential

Elliptical

Dual

Circular

NE: Number of Elements.
AR: Axial Ratio calculated from the refer. graphs.
^: Highly possible error during measurement [21].

Fc: Center Frequency [GHz].
SLL: Side Lobe Level [-dB] @Φ=90o
*: SLL for the frequency range 21.5-30GHz.

FBW: Fractional Bandwidth [%].
FOM: Figure of Merit [dB]

TABLE 2.2.2
COMPARISONS OF FREQUENCY RECONFIGURABLE ANTENNAS AT K/KA-BAND
Ref.
[21]
[12]
This
Work

Element
Type
Aperture
Microstrip
Patch
Microstrip
Patch

Fc

Recon.
Bands

Freq.
Range

28

2

27.65-29.1

28

Cont.

26.9-30.8

26

4

23.75-30.1

Active
Component
Pin Diode
Liquid
Crystal

Number of
Components
2

Voltage
[V]

Peak
Gain

System
Pol.

3

6.4

Linear

N/A

20

6.5

Linear

Pin Diode

2

3

13

Circular
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2.3 A KA-BAND DIPLEXER DRIVEN ANTENNA

WITH

TUNABLE TX

CHANNEL
The third model exploits the unique performance of the previously suggested 16-element
array to create new applications such as a reconfigurable diplexer driven antenna at K and
Ka bands. For this property, the antenna employs a new type of resonating circuit to form
a lower loss BPFs and therefore to improve the antenna efficiency. The antenna can
simultaneously operate in a receiving (Rx) and a transmitting (Tx) mode, with the addition
of the Tx mode to reconfigure between two bands. The proposed antenna model shown in
Fig. 2.20 radiates in three operating bands with a gain beyond 11 dBic, an axial ratio less
than 0.7 dB, and isolation between the Rx-Tx ports greater than 13 dB. A prototype
structure is fabricated and tested resulting in a great correlation between simulated and
measured data.

Antenna

Common
Ground

Rx
Port

(a)

Tx
Port
(b)

Figure 2.20 Proposed diplexer antenna design. (a) Top view – Antenna array. (b)
Bottom view – Reconfigurable Feeding network.
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2.3.1

TX RECONFIGURABLE DIPLEXER

The application of this antenna requires the receiving mode to cover the frequency range
of 23 – 24 GHz, and the transmitting mode to cover two reconfigurable bands in the
frequency range of 25 – 30 GHz. These characteristics can be met by utilizing a diplexer
configuration at the driven port of the wideband antenna. A diplexer is a combination of a
power combiner/splitter and BPFs that results in two ports connected to a radiator while
separating different frequency bands.
The suggested diplexer design is seen in Fig. 2.21. This consists of three ports, (the
receiving port P1, the transmitting port P2, and the antenna port P3), and two similar lowloss resonant structures that behave as band pass filters. The first filter labeled as K-Band
Filter is designed to cover the lower band for the receiving mode. On the other hand,
the Ka-Band Filter serves to allow communication between the transmitter and the
antenna ports only at the upper band. The two filters are then separated by an optimized
distance of 2.2 mm and 2.3 mm respectively from the center, which is defined by the
common antenna microstrip line. The equivalent circuit of the diplexer is illustrated in Fig.
2.21(b), where in an ideal scenario signals from the two ports are invisible to each other.
The transmission lines are 50 Ohm microstrip of width 0.375 mm designed on a 0.13 mm
thick RT5870 substrate (εr=2.33 and tanδ=0.0012).
The design of the Rx filter is based on a shunt radial stub having radius r1 = 2.5 mm
and radial angle a1 = 60o, connected in parallel with a shunt open stub line of length l1 =1.95
mm and width w1 = 0.1 mm. The radial stub serves to create a wider pass band and to
reduce the size of the filter, while the open stub is utilized for improving the input match
at the center frequency of 23 GHz. For the reconfigurable Tx filter case, the shunt radial
stub has radius r2 = 2 mm and radial angle a2 = 20o, connected in parallel with a shunt open
stub of width w2 = 0.5 mm. Since the design requires the Tx BPF to switch between two
different bands, a PIN diode [35] is placed on the open stub at a distance d2 = 0.73 mm.
At the ON state of the diode, the open stub extends to a new length of l2 = 1.61 mm, and the
frequency shifts to a lower band. The activation of the PIN diode happens using a bias-Tee
at the Tx port and the Ground Pad. This pad is connected to the open stub of the KaBand Filter by means of a butterfly stub (l = 1.95 mm, a = 60o) and a high RF
impedance microstrip line (w = 0.035 mm).
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RFin (1&2)

Ka-Band
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K-Band
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&

(a)
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Figure 2.21 Diplexer. (a) Proposed reconfigurable model. (b) Equivalent circuit.
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Figure 2.22 RF current distribution. (a) Receiving mode. (b) Transmitting mode.
The separation between the Rx-BPF and the antenna feeding port is optimized to create
a virtual open for the Tx port at the frequencies of operation of the transmitter. Similarly,
the separation between the reconfigurable Tx-BPF and the antenna feeding port is
optimized to create a virtual open for the Rx port at the frequencies of operation of the
receiver. This is demonstrated in Fig. 2.22 illustrating the RF currents on the circuit for the
receiving and the transmitting mode, respectively. As seen, the two different frequency
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signals from the two ports (P1 and P2) are well isolated.
The behavior of the diplexer with respect to S-parameters is shown in Fig. 2.23 and
Fig. 2.24. At the OFF state of the diode, the transmitter operates at a higher band covering
the frequency range of 27.2 – 30.2 GHz with an insertion loss of <1.1 dB, which can be as
low as 0.4 dB at the center frequency fc= 28.7 GHz, see Fig. 2.23(a. S22-OFF). For this
state, the diode has an equivalent circuit of a 0.3 nH inductor connected in series to a 0.02
pF capacitor that is connected in parallel to a 10 KΩ resistor (L+C||R). On the other hand,
when the diode is activated – ON state, the transmitter operates at its lower band and covers
the frequency range of 25.6 – 27 GHz, with an insertion loss of <1.4 dB that reaches the
minimum level of 0.7 dB at the center frequency fc= 26.3 GHz, see Fig. 2.23(a. S22-ON).
Now, the diode equivalent circuit is a 0.3 nH inductor connected in series to a 6 Ω resistor
(L+R). A similar reconfiguration principle was applied for the modified ring resonator
model, in contrast, the current circuit model provides an improved insertion loss at such
high frequencies because the coupling mechanism is avoided. The receiver always operates
at the frequency range of 22.3 – 23.8 GHz, with an insertion loss <1.2 dB, that also reaches
a minimum of 0.5 dB at fc= 23.05 GHz, see Fig. 2.23(S11). The reflection coefficient at the
antenna port along with the transmission coefficient between the Rx and Tx ports are
provided in Fig. 2.23(b). This graph shows the matched frequency bands defined by the
BPFs for the antenna, and the isolation between the two filters at their center frequencies
to be greater than 15 dB.

(a)

(b)

Figure 2.23 (a) Reconfigurable diplexer S-parameters. (b) Reflection coefficient of the
antenna port, and transmission coefficient between Rx and Tx ports.
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2.3.2

K/KA DIPLEXER DRIVEN ANTENNA SYSTEM

The K/Ka diplexer driven antenna is formed by assembling the diplexer network to the 16element array port. The antenna array itself operates between 21 – 31 GHz with pure
circular polarization and gain beyond 12 dBic as previously presented in Fig. 2.13. Again,
a stack topology and a Common Ground plane are utilized to minimize the antenna size
at 43 mm x 32 mm and to improve the isolation between radiated and guided waves.
A prototype model of the proposed antenna is fabricated and tested in the anechoic
chamber to evaluate the simulated acquired data, which are depicted in Fig. 2.24 and Fig.
2.25. Fig. 2.24(a) describes the antenna reflection coefficient as recorded at the two ports,

(a)

(b)

(c)

(d)

Figure 2.24 Simulated and measured results of the diplexer driven antenna. (a)
Reflection coefficient. (b) Isolation. (c) Realized gain – RHCP. (d) Axial
ration.
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Figure 2.25 Simulated and measured radiation patterns at fc of Rx mode – 23 GH, Tx
ON mode – 26.25 GHz, and Tx OFF mode – 28.75 GHz.
Rx and Tx, of the diplexer. The receiving band is tuned at 22.4 – 24 GHz while the
transmitting band is tuned at 27 – 31 GHz for the OFF state, and at 25.4 – 27.8 GHz for
the ON state. The simulated plots match well the measured ones. The small discrepancies
at Tx band are due to the excess soldering of the diode to the filter, and also to the estimated
diode equivalent circuit that is used in the simulations. Fig 2.24(b) shows the isolation
between the two ports that is greater than 15 dB assuring low cross talk. Again, the
measured isolation is also well predicted by the simulated model. Fig 2.24(c) describes the
RHCP gain of the antenna at the limited regions set by the filters. In all three cases, the
measured gain is lower by 1 dB from what was estimated, which is due to the losses
introduced during fabrication. The slightly shifted measured gain curve in comparison to
the simulated one, is due to the reflection coefficient shifted response, nevertheless, the
fluctuations are insignificant. The axial ratio of the antenna is depicted in Fig. 2.24(d)
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assuring pure circular polarization at all desired bands. Simulated and measured data are
also well matched having a small difference of 0.2 dB. The radiation pattern of the antenna
is measured at phi plane Φ=90o for the center frequency of each band and this is shown in
Fig. 2.25. The beam is highly directional with a half-power beamwidth (HPBW) less than
32o and a side lobe level less than -13 dB for all frequencies.

2.3.3

RELATED WORK

A wideband antenna at the K- and Ka-band is thoroughly analyzed in the previous models.
In this section, diplexers and possible reconfigurable mechanisms are explored. In the
lower frequency spectrum (860 MHz to 10 GHz) authors in [45], [46] suggest a selfdiplexing antenna using substrate integrated waveguide and different slot dimensions to
form a two-port radiating circuit at X-band. In [47] a 3D waveguide structure operating at
fc=860MHz exploits the redundant coupling effect of the second channel and introduces a
shunt susceptance to eliminate the mutual influences between the two ports.
Reconfigurable diplexers are also suggested, where in [48] a tunable diplexer for both
Rx and Tx ports is constructed by utilizing two reconfigurable step impedance BPF. These
are capacitively coupled to the transmission line (third port), where the frequency shifting
happens by means of silicon varactors loaded at the filters. In [49] two ring resonators of
dual-mode operating at S-band (2 – 4 GHz) are used with loaded varactors to tune the
center frequency of the diplexer. In [50] combline filters operating at 1.4 and 2.3 GHz are
loaded with varactors and reconfigurable matching networks to improve the crosstalk
between the two channels of the diplexer while changing frequency. The matching
networks are introducing phase to convert the filters’ out of band impedance, from a short
circuit into an open circuit.
In the higher frequency spectrum of Ka-band, only passive diplexers were suggested
so far. Some of them implement gap waveguide technology with semi-periodic EM
bandgap structures to form a two-channel driven antenna (16 x 16 array) [51]. Similar
technology is applied in [52] with the addition of inverted microstrip lines in the cavities.
It is noted that no reconfigurable diplexers at Ka-band were found in the literature to this
time, therefore, in this section, we proposed a new and simple method for active diplexers
at millimeter-wave applications.
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2.4 A 64-ELEMENT ARRAY ANTENNA DRIVEN BY AN ACTIVE
DIPLEXER WITH RECONFIGURABLE TX & RX (K/KA) BANDS
The last model of this chapter includes a combination of techniques that were applied in
the previously suggested models in order to develop first, a new, more directional wideband
antenna array at the K and Ka-band with pure circular polarization, and second, a new
diplexer able to now reconfigure both channels, Tx and Rx, with very low insertion loss
and an increased BPF selectivity. The two-channel agile diplexing antenna has a stack
topology to separate the radiating from the waveguiding mmW circuits by implementing a
common ground plane. These are the 64-element antenna array and the reconfigurable
feeding network that reside on the top and bottom layers of the stack, as shown in Fig. 2.26.
The array implements again over-truncated elements and optimized sequentially rotated
power dividers to establish an antenna with a fractional bandwidth beyond 38.5%, a RHCP
realized gain >18 dBic, an axial ratio <0.8 dB, and side lobe levels < -11 dB. The diplexer
is composed of cascaded resonating structures for improving the rejection bandwidth. The
equivalent BPF structures are evolved based on the ring resonator concept and employ
reconfigurable loading reactance for tuning each channel in a different frequency band.
Each filter is able to tune in two different bands resulting in a four-state diplexer. At the
moment, the finalized simulated model is presented, where the fabricated prototype is
being developed and left as future work.

2.4.1

64-ELEMENT ARRAY ANTENNA

A highly directional radiator with pure circular polarization is needed for a diplexing
antenna application at K and Ka-bands. This is achieved by designing a 64-element array
following similar developing steps with the 16-element antenna presented in section 2.2.
The array is now designed on a 0.787 mm thick RT5870 substrate, a thicker slab than
before, in order to further improve the radiation characteristics such as efficiency,
bandwidth, and gain. The element utilized to form the array is a rectangular patch with
dimensions of 3.6 mm x 3.7 mm that has a corner truncation length of 1.4 mm. The excess
cut on the corners creates a dual-band element with elliptical polarization to be used for the
creation of a wideband pure circularly polarized array antenna once it is properly cascaded.
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SRPD Network

(b)

Recon.
Diplexer

64-Element Array

c3

c2
c1

Common Ground
(a)

Figure 2.26 Proposed two-channel reconfigurable diplexing antenna. (a) Top view – The
64-element array. (b) Bottom view – The sequentially rotated power divider
(SRPD) and the reconfigurable diplexer networks.
In this design, the elements are closer to each other than the ones in the 16-element array
model, since these are now fed by a probe instead of a microstrip line, that extents to a
feeding network designed in the bottom substrate, concluding the overall antenna size to
be reduced to the maximum possible. It is noted that the array has a different pattern that
resulted from the thicker substrate and the optimization of the radiating performance in a
large bandwidth.
The 64-element array is uniformly composed using the same sequentially rotated
feeding network by cascading array groups three times, denoted as ci in Fig. 2.26. The
rotated network is first time implemented to form the 4-element array (c1) by cascading
the truncated-corner patch. Then, it is second time used to form the 16-element array (c2)
by cascading the 4-element array. The last time of implementing the network (c3) is to
form the 64-element array by cascading this time the 16-element array and to create a single
RF port for driving the antenna. The design technique followed to develop the specific
power divider, is to match its input and output ports at a 50 Ohm impedance. This serves
first, to allow the divider to be cascaded for creating the array antenna, second, 50 Ohm
microstrip lines (0.12 mm wide) connected to its ports can have different sizes while
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maintaining good matching, and third, the degree of freedom at scaling the microstrip lines
eases the antenna optimization process. The feeding network is developed on a higher
dielectric constant substrate (RO3010, εr=10.2, tanδ=0.0035, thickness=0.13 mm) to
reduce the microstrip size and improve the mmW transmission. The sequentially rotated
power divider occupies an area of 4 mm x 4 mm and is shown in Fig. 2.27(a). The
impedance for each microstrip section of the divider is derived using equations Eq. 2.1 –
2.8. The impedance sections of 37 Ohm and 20 Ohm together compose a wideband
impedance transformer to match the 50 Ohm RF port impedance to the low input
impedance of the power divider. The output ports of the divider pi(2-5) are equally
extended from the center at a radius of 2 mm, where the input port of the radiating patch is
located. The patch input impedance is tuned to match the 50 Ohm by probing it at a 0.45
mm distance from the edge. The probe is a 0.1 mm radius copper rod that passes through a
0.2 mm radius slot on the common ground plane. The recorded scattering parameters of
the divider are plotted in Fig. 2.27(b), where the S11 is less than -25 dB at the frequency
range of 21 – 31 GHz, and the four transmission coefficients from the input p1 port to the
four output ports p2-5, are at the -6 dB level as expected.
The simulated 64-element array performance is presented in Fig. 2.28. This is wellmatched and radiating with high circular polarization purity for the frequency range of 21

p4
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50

p2

(a)

(b)

Figure 2.27 Sequentially rotated power divider. (a) Designed model: 50 Ohm : 0.12 mm,
37 Ohm : 0.22 mm, 20 Ohm : 0.57 mm, 17 Ohm : 0.71 mm, 23 Ohm : 0.47
mm. (b) S-parameters.
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(a)

(b)

(c)

(d)

Figure 2.28 Simulated radiation properties of the 64-element array antenna. (a)
Reflection coefficient. (b) Directivity, Gain, and Real. Gain. (c) Axial
Ratio. (d) Antenna efficiency.
– 31 GHz, Fig. 2.28(a, c). The directivity plot as shown in Fig. 2.28(b) has an average value
of 20 dBic, which is 1.3 dB greater than the gain plot which indicates the dielectric and
conductor losses. The realized gain plot lies exactly on the gain plot indicating no losses
exist from mismatching. The efficiency of the antenna is plotted in Fig. 2.28(d) and is
beyond 70%.

2.4.2

TX AND RX RECONFIGURABLE CHANNEL DIPLEXER

The array is driven by a diplexer reconfigurable system that employs patch-shorted
resonant structures and the same 50 Ohm impedance ports (0.12 mm wide microstrip lines).
These novel circuits can provide very low insertion loss at mmW frequencies and also can
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be utilized to create BPFs. The new resonators were initially conceptualized by the ring
resonator circuit where if the coupling gaps are removed and the two feed lines are directly
connected to the ring, then the band pass filter is converted to a band stop filter (BST) at
the same resonant frequency, [41]. Next, the ring is converted to a square patch and is
ground-shorted by a pin in the middle, to convert the BSF to a BPF. In this way, the direct
line connection is exploited to create a band pass with losses as low as 0.3 dB at Ka-band.
The next step is to cascade the resonator for obtaining higher rejection bandwidth
improving simultaneously the band selectivity. The response of the ground-shorted patch
resonator, before and after cascading it, is seen in Fig. 2.29.

(a)
(b)
Figure 2.29 Shorted patch resonator of one vs two cascaded resonators. (a) Design
models, (b) S-parameters response.
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sp/sw: 0.867/1.28, 0.732/1.225,
0.625/1.18, 0.6136/1.13,
0.599/1.09, 0.575/1.05
(a)
(b)
Figure 2.30 Parametric study of the suggested resonator – cascaded shorted patch. (a)
Design models, (b) S-parameters response.
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The diplexer circuit is designed on the same layer with the array feeding network, and
therefore it lies on the same thin substrate. The operating frequency of the filter is
determined by the dimensions sp (space between the patches), sw (width of the square
patches), and the vr (radius of the grounded via). A parametric study is also conducted
(shown in Fig. 2.30) to aid in the selection of the corresponding resonator for the desired
transmitting and receiving bands. It is noteworthy to mention that frequency shifting can
be achieved with a variable capacitor connecting the patches to the ground instead of vias.
Next, the two filters are assembled and optimized to form the low-loss diplexer
circuitry seen in Fig. 2.31. The scattering parameters of the three-port network show the
reflection coefficient S11 for the lower band at port 1 (P1) to be tuned at the frequency
range 20.1 – 22.1 GHz, with a transmission coefficient (S13) from the antenna port (P3) to
be less than -0.9 dB. The reflection coefficient (S22) for the upper band at port 2 (P2) is
well matched at 27.35 – 30.7 GH region, and it has a transmission coefficient (S23) from
the antenna port less than -0.9 dB. The reflection coefficient (S33) at port 3 follows the
same patterns as S11 and S22. The isolation |S21| between the two bands is greater than 25
dB, which is improved due to the separation of the cascaded filters with a distance that one
behaves as an open circuit to the other’s port. This distance is 0.72 mm and 1.03 mm for
each filter respectively from the center.
The reconfigurable property of the filter is met by implementing the same principle
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0.68

0.89
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(b)
Figure 2.31 Low-loss diplexer configuration using shorted patch resonators.
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S33
S23

with the modified ring resonator, where a shunt stub is connected to the corners of each
shorted patch resonator and extended by means of an RF switch (PIN diode [35]) to
introduce a capacitive reactance and thus to alter the center frequency. The new filter
configuration is seen in Fig. 2.32(a) which is applicable to both, lower and upper band
cascaded filters since they follow the same design principle. The circuit has a uniform
shape to maintain a homogenous current distribution on the two patches, and therefore an
accurate frequency shifting at the rf switch activation. The optimized lower band model
has a square patch length sw=1.4 mm, and is cascaded at a distance sp=0.5 mm. The first
shunt stub section, located at the corners of each patch, has a length st1= 0.82 mm. A
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Figure 2.32 Frequency reconfigurable shorted patch resonator. (a) Configuration of the
cascaded resonator. (b) Lower band design response. (c) Upper band design
response.
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diode (d) of 0.3 mm length connects the first stub section to the second stub section labeled
as st2= 1.95 mm. Then a radial stub (r1=0.9, r2=49.5o) is integrated to limit any rf current
from moving towards the df transmission line that extends to a dc source. The stub line
and the df line have the same width of 0.1 mm. The dc current starts at the dc pad and
ends at the shorted vias through the two diodes when these are forward biased. The
respective design parameters for the upper band model are sw=1.2 mm, sp=0.6 mm,
st1=0.5 mm, st2=1.58 mm, r1=0.7, with the rest remaining the same.
The scattering parameters of the two reconfigurable cascaded filters are shown in Fig.
2.32 (a) and (b), respectively. For the low band filtering, the model operates at the OFF
state of the diodes in the frequency region 22.5 – 24.6 GHz. When the diodes are at the ON
state, the uniformly introduced reactance shifts the center frequency at 21 – 23.2 GHz. In
both cases, the insertion loss of the filter has the worst value of 1.2 dB. On the other hand,
for the high-band filtering, the model operates in the frequency region 27.2 – 30.4 GHz for
the OFF state, and in the 25.5 – 28.3 GHz region for the ON state of the diodes. Similarly,
the insertion loss remains lower than 1 dB.
Afterward, the two filter models are combined at a common port (P3) to form the twochannel reconfigurable diplexer which results in four operating modes as presented in Fig.
2.33. The first mode (Fig. 2.33(b)) is noted as OFFL-OFFH and indicates the lower band
and the higher band filtering to operate at the off-diode state. The scattering parameters are
given for port P3 that will later accommodate the antenna feeding network. Therefore, the
port is well matched at the two bands tuned by the two filters (see S33), which are S33L:
22.3 – 25.2 GHz and S33H: 26.6 – 30.8 GHz. The reciprocal transmission coefficient from
the antenna port P3 towards the two filter ports, P1 and P2, at the two center frequencies is
S13= -0.8 dB and S23= -1 dB respectively. The isolation (|S21|) between the filter ports
at those frequencies is 28 and 17 dB. Mode two is described in Fig. 2.33(d) with the two
filters to be at ONL-OFFH state this time. In this scenario, the antenna port is tuned at S33L:
20.9 – 23.3 GHz and S33H: 27.2 – 29.7 GHz, where the transmission coefficients at the two
center frequencies are for the first band S13L= -1 dB, and S23L= -34 dB, and for the second
band S13H= -1.1 dB, and S23H= -28 dB. Fig. 2.33(c) depicts the third diplexer mode OFFLONH, where the higher band filter is now tuned in lower frequencies by activating its two
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Figure 2.33 Two-channel reconfigurable diplexer. (a) Suggested designed model. (b)
OFFL-OFFH state. (c) ONL-OFFH state. (d) OFFL-ONH. (e) ONL-ONH.

49

diodes. The new state matches the antenna port in a single region of 22.3 – 28 GHz.
However, the transmission coefficient plots (S13, S23, and S21) define the two filtering
bands at S33L: 22.3 – 24.5 GHz and S33H: 26.1 – 28 GHz. The respective coefficients at the
fc of those two regions, have the next values, S13L= -0.97 dB, S23L= -18 dB (low band),
and S13H= -1.53 dB, S23H= -14.3 dB (high band). Lastly, Fig. 2.33(e) provides the diplexer
mode when all diodes are activated, ONL-ONH, shifting the initial filters’ bands to lower
frequencies. These bands cover the regions S33L: 20.9 – 23.4 GHz and S33H: 25 – 28.6
GHz. The transmission coefficients show again a very low loss value at fc, S13L= -1 dB,
and S13L= -1.1 dB, with respective cross-talk S23L= -26 dB and S23L= -25 dB.

2.4.3

TWO-CHANNEL RECONFIGURABLE DIPLEXER DRIVEN ANTENNA
SYSTEM

The final antenna system is formed with the 64-element array to be connected at the port
P3 of the two-channel reconfigurable diplexer as demonstrated in Fig. 2.26. Loading the
radiating structure to the reconfigurable mmW circuitry does not significantly alter its
response due to the proper 50 Ohm matching preceded at the input port of the antenna array
network and the output port of the diplexer. The overall antenna size is 45 mm x 60 mm x
0.1548 mm, where the largest dimension is due to the sake of easing the measurement. It
is noted that the specific length can be reduced to 47 mm to fit in a compact device.
The radiating characteristics of the antenna system at the four different modes are
shown in Fig. 2.34 – Fig. 2.37. The reflection coefficient at the two ports of the network
(Fig. 2.34) is almost identical to the respective one in Fig. 2.33, which does not connect to
the antenna. A comparison between the OFF states of the filters shows a center frequency
to be at fc(L-OFF) = 23.575 GHz for the low-band filter, and fc(H-OFF) = 28.575 GHz for the
high-band filter. Similarly, at the ON state of the two filters, the center frequencies shift at
fc(L-ON) = 22.125 GHz for the low-band filter, and at fc(H-ON) = 26.765 GHz for the high band
filter. In other words, when the shunt reactance is introduced to the resonators by the
activation of the rf switches, it causes 1.45 GHz and 1.81 GHz down frequency shifting for
the two filters, respectively. The isolation between the two ports of the diplexer network is
seen with the transmission coefficient |S21|, which has a value less than 20 dB at the filter’s
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(a)

(b)

(c)

(d)

Figure 2.34 Simulated s-parameters of the two-channel reconfigurable diplexing
antenna. (a) Mode OFFL-OFFH. (b) Mode ONL-OFFH. (c) Mode OFFL-ONH.
(d) Mode ONL-ONH.
center frequencies at all four diplexer modes.
The simulated RHCP realized gain of the reconfigurable antenna systems is provided
in Fig. 2.35, with the peak gain to be at 17.5 to 18 dBic for different diplexer modes. These
plots clearly define the functional frequency region of the antenna system which is most
efficient at a gain value greater than 15 dBic. Declaring this, the new bands are now defined
as next, for the first mode in Fig. 2.35(a), the low-band is BWL = 21.9 – 25.75 GHz, and
the high band is BWH = 26.3 – 30.1 GHz; the second mode in Fig. 2.35(b) has a low band
BWL = 21.4 – 23.85 GHz, and a high band BWH = 26.45 – 29.8 GHz; next, Fig. 2.35(c)
shows the third mode to have a BWL = 21.9 – 25.3 GHz, and a BWH = 25.45 – 29 GHz; in
last, mode four in Fig. 2.35(d) has a BWL = 21.5 – 23.9 GHz, and a BWH = 24.7 – 29.1
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(a)

(b)

(c)

(d)

Figure 2.35 Simulated RHCP realized gain of the two-channel reconfigurable diplexing
antenna. (a) Mode OFFL-OFFH. (b) Mode ONL-OFFH. (c) Mode OFFL-ONH.
(d) Mode ONL-ONH.
GHz. It is noted that a comparison between the directivity of the 64-element antenna array
alone (Fig. 2.28(b)) and the realized gain plot results in 2 to 2.5 dB losses. Since the antenna
is well matched, these losses are mainly caused by the dielectric that the feeding network
resides on. Fig. 2.36 depicts the axial ratio of the antenna system that is less than 0.25 dB
in the most efficient defined operating bandwidths for all alternative modes, assuring pure
circular polarization. The normalized radiation pattern of the antenna at the four center
frequencies is presented in Fig. 2.37. This is plotted at the phi angle that the largest SLL is
present. Thus, the HPBW and the SLL of each pattern are the next: at fc = 22.125 GHz,
HPBW = 11.67o, and SLL = 12 dB, at fc = 23.575 GHz, HPBW = 16.7o, and SLL = 15 dB,
at fc = 26.765 GHz, HPBW =14o, and SLL = 11 dB at fc = 28.575 GHz, HPBW = 12.8o,
and SLL = 11 dB.
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(a)

(b)

(c)

(d)

Figure 2.36 Simulated AR of the two-channel reconfigurable diplexing antenna. (a)
Mode OFFL-OFFH. (b) Mode ONL-OFFH. (c) Mode OFFL-ONH. (d) Mode
ONL-ONH.
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fc=23.575 GHz

fc=22.125 GHz

(a)

(b)
fc=28.575 GHz

fc=26.765 GHz

(c)

(d)

Figure 2.37 Simulated normalized radiation pattern at fc of the two-channel
reconfigurable diplexing antenna. (a) fc= 22.125 GHz (OFFL-OFFH). (b) fc=
23.125 GHz (ONL-OFFH). (c) fc= 26.765 GHz (OFFL-ONH). (d) fc= 28.575
GHz (ONL-ONH).

2.4.4

DISCUSSION

The antenna model in this section is a result of the progressive study contacted at the
previously introduced frequency reconfigurable antennas. The initial design techniques
that were suggested, are now advanced and cumulatively applied to construct the final
antenna model. Consequently, a 64-element array antenna is driven by a two-channel
reconfigurable diplexer network in K and Ka bands. The array is highly directional with
pure circular polarization designed to occupy the least real estate, while the diplexer
network employs novel resonators able to alter the operating frequency with low insertion
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loss and improved selectivity. As seen before in section 2.3.3, no reconfigurable diplexing
antennas exist yet in mmW that makes the proposed antenna model an appealing candidate
for communications in applications with compact space devices such as the CubeSat.

2.5 CHAPTER CONCLUSIONS
Chapter 2 introduces four new frequency-reconfigurable planar antennas in K and Ka
bands for mmW applications. The first model is the two-band reconfigurable filtenna that
introduced the modified ring resonator to permit low loss frequency agility in the higher
frequency spectrum. Based on the filter, a general characterization method is provided for
analyzing microwave circuits with symmetric and asymmetric patterns. The second model
demonstrated a 16-element antenna array performing with unique radiation characteristics
in a large fractional bandwidth (37.5%) by following a series of optimized design
techniques. The array was then utilized on a four-band reconfigurable ring resonator
achieved by advancement in the modification. The third model makes used of the 16element array to propose new applications such as mmW reconfigurable diplexer driven
antennas. In addition, an effort was contacted to device active filtering with an improved
insertion loss. It is important to note that reconfiguration at Ka-band is challenging since it
requires extreme care to minimize losses. While reconfigurable filtennas at microwave
frequencies have been implemented, however, they lack the challenge that Ka-band
constitutes. Finally, the fourth and the last model presented in this chapter is a 64-element
array antenna driven by a two-channel reconfigurable diplexer network. The array employs
a variety of design enhanced techniques based on the experienced developed at the
previously suggested prototypes.
All models but the last were fabricated and tested to verify the promoted antenna
prototypes, where simulated and measured results are in good agreement. Moreover, the
literature review does not yet present similar compact antenna structures that can support
reconfigurable mmW frequency for CubeSats.
Material of this research is partially published in [22], [53]–[56]. also patent disclosed [57],
[58].
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3.

CHAPTER 3

PATTERN – RECONFIGURABLE ANTENNAS
3.0 INTRODUCTION
Dynamic radiation coverage of the Φ-plane is an important antenna trait for applications
that a device needs to scan surrounding objects and selectively communicate with them.
Consequently, the greater the number of activated beams the more possible channel links
exist. The antenna can then be used with technologies such as cognitive radio to learn the
electromagnetic environment and select the suitable respective element to establish a
communication link. An antenna with such behavior is versatile and can be used both on
land and in space applications as will be discussed next. Focusing on space, the pattern
reconfigurable array can be installed on CubeSats to facilitate communication within a
cluster.
This chapter introduces cost-effective pattern reconfigurable antennas with
independent beam activation, while the entire system is driven by a single RF probe.
Firstly, a cube antenna with RHCP beams is presented to scan four orthogonal sectors in
the azimuthal plane using one active beam at a time as generally applied. Next, the second
model introduces a reconfigurable microwave network that allows more radiation patterns
to be excited with the use of fewer radiating units. More specifically, eight radiation
patterns are achieved out of four units. The third model presented in this chapter is a new
design that offers an exponential number of radiation patterns. The model is explained with
a 4-element prototype that demonstrates 16 reconfigurable states. In addition, two antennas
employing the same design method and operating in the X-band are also briefly mentioned.
The first of those antennas is again a 4-element array that employs a different array pattern.
For this reason, a design technique with ground slots is presented to troubleshoot any
radiation pattern issues. The second antenna is a model with 8 elements that results in 256
reconfigurable states. Lastly, a different design is developed to operate with the same
degree of freedom as the previous model, but with the benefit of improving the antenna
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Feeding
Network

RF probe

Top view

Bottom view

Figure 3.1 The proposed cube antenna with four reconfigurable sectors.
efficiency by eliminating the losses through a reconfigurable matching network.

3.1 A CUBE ANTENNA WITH FOUR RECONFIGURABLE PATTERNS
The first pattern reconfigurable antenna is presented in Fig. 3.1 and is a beam switching
cube structure. The antenna is designed at 5.8 GHz (C-band) and scans four orthogonal
sectors in the azimuthal plane. This consists of four right-hand circularly polarized (RHCP)
arrays attached vertically to a reconfigurable feeding network, enclosing it with the RF
probe to form a compact 45 mm x 45 mm x 45 mm cube. Each 90-degree sector is
supported by a directional beam of 8.4 dBic gain excited by the array for detecting possible
communication links. The selective communication is possible due to the feeding network
that employs RF diode switches to direct or block the RF current towards the radiators,
which are activated one at a time. It is noted that the design of the feeding network
introduces an operating principle that facilitates the understanding of more complicated
networks that will follow later in the chapter.

3.1.1

RHCP 4-ELEMENT ARRAY ANTENNA

The radiating component implemented for each sector is a four-element sequentially
rotated array antenna as shown in Fig. 3.2(a) and Fig. 3.2(b). The array must support
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Figure 3.2 Four-element array antenna. (a) Designed model. (b) Feeding network. (c)
Reflection coefficient. (d) Realized gain.
circular polarization to mitigate losses from the rotational motions of the device. For this
reason, the pure polarization technique presented previously is adopted. A 0.5 mm thick
RO3003 substrate is used to develop the antenna at its top side, where the bottom side
accommodates the ground plane. A simple rectangular patch with truncated corners is
cascaded four times at the output ports of a 1 to 4 power divider to form a two-by-two
element array. The elements have a separation distance of 8 mm. The divider has a parallel
configuration, and its four output ports consecutively differ in a phase of 90-degree.
The patch element has dimensions 14.67 mm x 14.53 mm and a corner truncation
length of 1.08 mm. This is fed by a quarter wavelength microstrip line (λg/4 ≈ 7 mm) of
width 0.275 mm (105 Ohm) to match a 50 Ohm port (1.2 mm wide line) to the input
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impedance of the patch (220 Ohm). To reduce the overall size of the array, the feeding line
of the patch is bent closer to the element at a distance that interferences will not occur. The
divider receives the RF current at port A1 that is connected to the feeding network through
a solid via from the back of the substrate. Next, the current passes through a 50 Ohm line
(1.2 mm wide) to the quarter impedance transformer of 25 Ohm (3.42 mm wide) which in
turn connects to two parallel 25 Ohm microstrip lines. The RF current is split into four 50
Ohm lines with different lengths adjusted to provide the desired phased difference. Fig.
3.2(c) shows the reflection coefficient of the array that is well matched at the desired center
frequency. The realized gain is 8.9 dBic as seen in Fig. 3.2(d) with cross-polarization
discrimination to exceed 28 dB.

3.1.2

RECONFIGURABLE FEEDING NETWORK – SP4T SWITCH

The reconfigurable feeding network is seen in Fig. 3.3(a) and consists of four uniform arms
whose start point connects to a common feeding probe FP, and their end point connects to
an antenna array through a 0.1 mm radius pin that penetrates the substrate and the ground
plane (slot of radius 0.2 mm). The network is designed on the same substrate as the antenna
and functions similarly to a single pole 4 throw (SP4T) RF reflective switch. The operating
principle is based on virtual open loads created with PIN diode RF switches and adjusted
lengths of 50 Ohm microstrip lines.
Each arm employs a capacitor c (9.9 pF), inductors l (27 nH), and a diode dn
(MA4AGP907). The capacitors serve to block the DC from reaching the RF source, while
the inductors allow the proper diode biasing with DC source protection from the RF
current. The antenna system covers one sector on demand; therefore, it radiates a single
beam at a time. This condition interprets as one diode to be active and the rest diodes to be
inactive. To enable such condition, the matching of the circuit happens with the creation of
virtual open loads for the inactive diode cases as seen in Fig. 3.3(b). The length of the arm
is tuned to connect the diode switch at 16.5 mm from the center, which is the comparable
distance of λg/2 when including the diode at the OFF state and the loading effect of the rest
components. In other words, the arms with switches at OFF, seem invisible to the feeding
probe. The 0.3 mm long capacitor is placed at a distance LS1 = 8.45 mm from the probe,
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Figure 3.3 Reconfigurable Feeding Network. (a) Design configuration. (b) S-parameters.
(c) Magnified arm section.
and the diode at a distance LS2 = 7.75 mm from the capacitor. The section LS3 = 5.5 mm
does not contribute to the matching but rather extends to accommodate the dc bias line and
an inductor, but also the pin that transits to the antenna array.
Fig. 3.3(c) depicts the reflection coefficient of the probe and the transmission
coefficients to the four output ports for the case of d1-ON and diodes d2-4-OFF, which
represents a beam to steer towards 0o at the azimuthal plane. The rest beam steering cases
are not provided since they follow similar behavior due to the circuit symmetry. The
simulated results of the network show the input port to be well-matched having a value less
than -25 dB, a transmission coefficient at -0.57 dB, and isolation at the inactive ports at 20
dB. The two lateral parameters are highly dependent on the RF switch properties.
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3.1.3

CUBE ANTENNA SYSTEM

The two described circuits, the antenna array and the reconfigurable feeding network are
next assembled, vertically to the other, to construct the 45 mm3 cube antenna as previously
shown in Fig. 3.1. The simulated four reconfigurable radiation characteristics of the
antenna are shown in Fig. 3.4, in a binary form. For instance, the condition that represents
sector 1 as active and the beam excited towards 0 degrees at the φ-plane is d1d2d3d4 =
1000, which means diode 1 is set ON while the rest are set OFF, and so sector 1 is being
scanned.
The input reflection coefficient is seen in Fig. 3.4(a) to reach -30 dB at 5.8 GHz, where
it is provided only at the first antenna state since it is almost identical to the other three.
The radiation patterns in Fig. 3.4(b) and Fig.(c) are plotted at fc in the φ-plane and θ=90o.
This exhibits the cube antenna reconfigurable performance with RHCP beams to cover the
four orthogonal sectors. The gain of the beam reaches 8.5 dBic and it has a beamwidth of
86o for an axial ratio of less than 3 dB.

(a)

(b)

(c)

Figure 3.4 Simulated results of the four-pattern reconfigurable cube antenna. (a)
Reflection coefficient. (b) RHCP realized gain at fc=5.8 GHz (φ-plane at
θ=90ο). (c) Axial ratio < 3 dB beamwidth at fc=5.8 GHz (φ-plane at θ=90ο).
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3.2 A CUBE ANTENNA WITH EIGHT RECONFIGURABLE PATTERNS
The next antenna model suggests an new technique that enables more reconfigurable
radiation patterns with fewer radiating units, demonstrated with a cube antenna system that
operates at a center frequency of 5.8 GHz (C-band). The antenna consists of four righthand circularly polarized radiating units that are controlled by a reconfigurable feeding
network placed in the center. Each unit is a printed four-element array antenna attached at
the circumference of the rectangular feeding network to form the 3D cube structure. Hence,
the azimuthal plane can be covered by four 90-degree incremental sectors. The network is
composed of a reflective SP8T RF switch and a novel microstrip line configuration that
allows four output ports. The four array units are connected to these ports yielding a larger
antenna array system. Thus, the reconfigurable antenna can achieve eight radiation patterns
out of four radiating units. A single sector or two adjacent sectors can be scanned at any
single time. The antenna maintains a well-matched condition at the frequency of interest
for all the eight alternative radiation states. The antenna realized gain is greater than 9.5
dBic and 5 dBic for the case of 1 and 2 active radiating units, respectively. The antenna
can aid CubeSat devices to train on cognitive radio applications thanks to the multiple
radiation patterns it offers, allowing spatial filtering to be applied in a varying
electromagnetic environment. This model is presented with simulated data where the
prototype is being developed and left as future work.

3.2.1

ANTENNA ARRAY WITH A NEW ELEMENT

The proposed antenna is shown in Fig. 3.5. This is a 50 mm x 50 mm x 50 mm cube
structure composed of a centered reconfigurable feeding network in a rectangular shape,
which connects vertically four radiating units at its corners. This configuration allows the
circuitry to be enclosed in the cube for signal improvement from the environmental noise.
The antenna can operate using a single RF connector located at the bottom of the cube, and
DC wires for the SP8T switch control.
The single element used to compose the four-element array antenna is based on the
rectangular patch shown in Fig. 3.6(a) - Model 1. This shape can support two narrowband
orthogonal modes to excite Left-Hand or Right-Hand Circular Polarizations (LHCP or
RHCP). After optimizing the feeding points on the patch, the antenna response is then
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(a)

(b)

(c)

Figure 3.5 The proposed eight-reconfigurable pattern antenna structure. (a) Top View.
(b) Bottom View. (c) Signal transition view of feeding network to the arrays.
examined in Smith’s chart, see Fig. 3.6(b) - Model 1. One can identify the inductive
behavior of the element at the frequency of interest 5.8 GHz. The limited antenna
performance is also depicted with scattering parameters in Fig. 3.6(c) - Model 1, which
shows a reflection coefficient just below -15 dB. The antenna efficiency can be improved
when a series capacitance is introduced to the feeding line so to cancel the additional native
inductance.
To overcome this issue, the antenna in Fig. 3.6(a) - Model 2 is designed. The
cancelation of the undesired inductance is achieved by a capacitive feeding technique using
a gap between the feeding probes and the rectangular antenna. As a result, the 5.8 GHz
point at Smith’s chart, Fig. 3.6(b), has now shifted at the center. Good matching is also
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Figure 3.6 Fig. 2.
Radiating element. (a) Models. (b) Smith’s Chart response. 50
Ohm point: ●, 5.8 GHz point: ●. (c) S-parameters, Sii: ⸻, Sij: ⸳⸳⸳.
noticed in the S-parameters Fig. 3.6(c), where the reflection coefficient is now less than 25
dB. The Model 2 antenna offers good matching but the isolation between the two ports
(Port 1 and Port 2) is only at 20 dB. To improve the cross talk, the final optimized
Model 3 is suggested as seen in Fig. 3.6(a). The patch is again capacitively fed with the
two rings, but this time those reside underneath it, separated by a slab. The proposed
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configuration corrects both matching (S11 < -30 dB) and isolation (> 40 dB), as shown in
Fig. 3.6(b) and Fig. 3.6(c).
The composition of the single element antenna is shown in Fig. 3.7. From top to the
bottom, this consists of a 16 mm x 16 mm rectangular patch (Driven Element)
designed on a 0.13 mm thick substrate (Sub. 1). On the other side of the same substrate,
are the two probing rings (Capacitive patches) which are attached to the Pins.
Sub. 2 is 0.79 mm thick, and its top side attaches to Sub. 1, while its bottom side
attaches to the ground plane (Gnd). The ground is a common layer for the radiating patch
and its Feeding Network, which is designed on a 0.25 mm thick substrate Sub. 3.
All dielectric slabs are RT5870 with permittivity of εr = 2.33 and loss tangent tanδ=0.0012.
The pins of radius 0.1 mm connect the feeding network to the patch through holes in the
slabs of radius 0.1 mm and a slot of radius 0.2 mm in the ground layer.
The feeding network is shown alone in Fig. 3.8. This is a divider that splits the power
for the two orthogonal excitation points at the rectangular patch. These points are located
2.8 mm from the center of the patch to match a 50 Ohm input impedance. The two points
are fed with a 90-degree delay microstrip line of 0.69 mm width. The two pins connect the
microstrip line with the capacitive patches of radius 1 mm. The patches are offset by 0.68
mm to improve the matching and isolation between Port 1 and Port 2. A quarter
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Figure 3.7 New antenna element.

A

A’

Pn

65

Tr
2.8

0.68

Sub. 3
Feeding Network
A

A’

Pn
0.68

Tr
2.8

90o

1

(mm)

Figure 3.8 Feeding network of the antenna element.
impedance transformer (W= 1.17 mm, L=90o at 5.8 GHz) labeled Tr, is employed to match
a 50 Ohm input impedance (port Pn:1-4) to 25 Ohm output impedance. The output port of
the divider sees the two 50 Ohm pins connected in parallel. As a result, the assembly of the
rectangular shape antenna and the feeding network meets the circular polarization
conditions.
The optimized Model 3 is then utilized to form the four-element array antenna as seen
in Fig. 3.9(a). The array has a 2-by-2 configuration and covers an area of 50 mm x 50 mm.
The elements are separated by a 6 mm gap from each other, which is the optimized distance
for good radiation performance. The four elements are fed in parallel by a 1 to 4 power
divider located underneath, as shown in Fig. 3.9(b). Initially, the power is supplied to the
50 Ohm port P0 and then is guided by a 50 Ohm transmission line (tl) to a quarter
impedance transformer (tr) to convert the 50 Ohm input impedance to 25 Ohm output
impedance, as practiced before. This approach is used to equally power divide the accepted
power into the four radiating units. The divider performance is demonstrated with four
ports labeled P1-4 to be placed at the input port of each radiating element to record the
received power. Fig. 3.9(c) shows the 1 to 4 power divider response where it has a
reflection coefficient at the input port P0 (S00) better than -30 dB, and transmission
coefficients Sn0 (n:1-4) at -6dB as expected.
The radiation characteristics of the antenna array in comparison with those of the single
element, are depicted in Fig. 3.10. Both antennas are narrowband and well-matched at 5.8
GHz with a return loss of greater than 30 dB, Fig. 3.10(a). The realized gain for the right66
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Figure 3.9 Four-element array antenna. (a) Top view. (b) Bottom view. (c) S-parameters
of the 1-to-4 power divider.
hand circular polarization depicted in Fig. 3.10(b), shows the gain of the array to be
improved more than 3 dB and to reach beyond 10 dBic at the center frequency. Similarly,
the circular polarization purity shown with the Axial Ratio plot in Fig.3.10(c), is 1.1 dB
improved for the array, compared to the single element antenna, reaching the value of 0.7
dB. In last, Fig. 3.10(d) illustrates the radiation pattern with co- and cross-polarization plots
for the two antennas. As seen, the array has an improved cross-polarization and a more
directive beam that serves to enhance spatial filtering.
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Figure 3.10 Simulated radiation characteristics of the single element vs array antenna at
θ=90ο. (a) Reflection coefficient. (b) Realized gain. (c) Axial ratio. (d)
Radiation pattern.

3.2.2

RECONFIGURABLE REFLECTIVE FEEDING NETWORK

The proposed antenna employs a single RF connector and has the property to control eight
radiation patterns formed by four radiating units. This is possible thanks to the
reconfigurable reflective feeding network design, shown in Fig. 3.11. The complex
network employs a reflective SP8T RF switch (MA4AGSW8-1 [59]) in order to connect
the RFin port with one of the eight other available switch ports that connect to different
transmission lines. The benefit of using an SPNT instead of a PIN diode or MEMs RF
switch is the minimum power it consumes. The switch activation happens through a DC
supply, by means of transmission lines, inductors l (27 nH) that behaves as‘RF choke’ and
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Figure 3.11 Reconfigurable reflective feeding network.
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TR
λg/4

capacitors c (9.9 pF) that behave as ‘DC block’. The main feeding line that connects the
feeding probe (RFin) with the switch, incorporates an open stub st to improve the
matching condition of the network. Looking at the switch, the four left microstrip lines are
mirrored along the axis to maintain uniformity in the circuit and therefore to maintain a
stable performance. The microstrip line configuration converts the nine-port switch to a
five-port system, with the four output ports to be Ap1 – Ap4. The system consists of two
microstrip line types labeled TR and TL, where the TR is a 25 Ohm to 50 Ohm quarter
impedance transformer and the TL is a 50 Ohm transmission line.
The lines’ length is optimized in a way that when the switch connects to a TL line, then
a single radiating unit is activated. On the other hand, when the switch connects to a TR
line, then two adjacent radiating units are activated. This is possible by creating virtual
open loads at the connecting points of the microstrip lines using an integer number of halfwavelength λg/2 transmission lines. In other words, the seven ports of the SP8T reflective
switch that remain at the OFF state, are virtually transferred to the intersection point of the
microstrip lines.
The two alternative modes are illustrated in Fig. 3.12 in the form of RF surface current
distribution at 5.8 GHz over the microwave circuit, and the scattering parameters. When
one unit is activated by the respective switch port (7), the current from the input port RFin
is only distributed towards port Ap4, (Fig. 3.12(a)). The reflection coefficient S00, in this
case, is below -35 dB, the transmission coefficient S40 of the active port is at -1 dB and the
transmission coefficients S10, S20, S30 of the inactive ports are less than -40 dB. Similarly,
when two adjacent units are activated by the respective switch port (8), the current reaches
only two output ports, Ap1 and Ap4, as seen with the current distribution in Fig. 3.12(b).
The reflection coefficient for this case is less than -40 dB, the transmission coefficient of
S10 and S40 for the respective activated ports is -4.03 dB, and the transmission coefficient
for the rest inactive ports S20, S30 is less than -40 dB. The scattering parameters plots show
that 1.04 dB of loss occurs in this configuration, where a 0.96 dB is caused by the RF SP8T
switch. Therefore, the proposed configuration has an insertion loss of around 0.08 dB.
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Figure 3.12 The two modes of the antenna system are described with RF surface
currents and scattering parameters. Activation of (a) one radiating unit, (b)
two adjacent radiating units.

3.2.3

8-PATTERN RECONFIGURABLE CUBE ANTENNA

The final pattern reconfigurable antenna structure, as depicted in Fig. 3.5, occurs by
assembling the array antenna's input port at the four output ports of the feeding network
Apn. Consequently, the 3D cube antenna can cover four orthogonal sectors either one or
two at a time. An application with cognitive radio enables one to read the electromagnetic
environment and learn the direction of the friendly signal to adjust the antenna radiation
pattern. The simulated performance of the proposed model is provided in Fig. 3.13 and Fig.
3.14. Fig. 3.13(a) shows the simulated reflection coefficient of the antenna to remain
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Figure 3.13 Simulated results of one and two activated units. (a) Reflection coefficient.
(b) RHCP Realized gain.
well-matched (-20 dB) at fc for both modes. This is identical with the rest six reconfigurable
states. The Φ-plane coverage with respect to the enabled sectors and the activation of the
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Figure 3.14 Simulated axial ratio beamwidth of one and two activated units.
TABLE 3.2.1
ANTENNA BEAM COVERAGE
Switch
Port ON

Activated
Sectors

Φ-plane
HPBW coverage

Port 1

Sector 1
Sector 1
Sector 2
Sector 2
Sector 2
Sector 3
Sector 3
Sector 3
Sector 4
Sector 4
Sector 4
Sector 1

152o - 207o

Port 2
Port 3
Port 4
Port 5
Port 6
Port 7
Port 8
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150o - 300o
242o - 297o
240o - 30o
332o - 27o
330o - 120o
62o - 117o
60o - 210o

output port of the switch (swpn), is illustrated with the radiation pattern plot in Fig.
3.13(b). When one sector is covered, the RHCP beam reaches 9.5 dBic gain with a HPBW
of 55o. On the other hand, when two sectors are covered, the RHCP beam is 6.3 dBic with
a HPBW of 150o. In the same manner, the beamwidth for the axial ratio of less than 3 dB
is provided in Fig. 3.14, which is 120o and 210o for the two modes, respectively. Table
3.2.1 summarizes the Φ-plane coverage according to the activated beam.

3.2.4

RELATED WORK

Pattern reconfigurable antennas with a single RF port are suitable for cost-effective
operations that require a controlled scan of the Φ-plane to apply selective communication.
This property can be combined with other technologies such as cognitive radio, and
together enhance the spectrum efficiency by reusing the operating frequency, suppress
interferences, and hence improve the signal performance. Such a versatile antenna behavior
meets the application needs of both, terrestrial and space communication systems. One of
the terrestrial applications is the internet of things (IoT), where the multibeam antenna can
serve with spatial multiplexing or decrease packets collision in contrast to an
omnidirectional antenna, [60]–[62]. In cognitive radio applications, the antenna starts
scanning the Φ-plane and then switches to selective communication links with spatial
filtering by enabling a directional beam [63]. Another terrestrial application is in radar, and
in direction of arrival estimation derived by the sector that is activated, which can indicate
the signal course. In space applications, the antenna can be used on a CubeSat that is in a
cluster of satellites to reduce interferences by deactivating the respective lobes or mitigate
signal loss during rotational movements, [64].
Multiple techniques can be employed to achieve active pattern reconfiguration. Several
researchers have resorted to a plethora of interventions such as parasitic metal sections,
motorized radiators, feeding network reconfigurations, and switching between radiators
[62]–[77]. The ability to achieve beam reconfiguration using parasitic metal strips is
presented in [64], [71]–[73], [78], [79], where a center-driven element such as a dipole or
a monopole is surrounded by metal strips that act as parasitic elements. The length of these
metallic parasitic strips can be actively altered by relying on switches, varactor diodes, or
through the implementation of liquid metal. Hence, the electromagnetic behavior of these
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elements enables the switching from director to a reflector, which impacts the antenna’s
radiation pattern performance.
Reconfiguring the feeding network of an antenna system is another technique that
results in pattern reconfiguration as discussed in [62], [63], [65]–[70], [74]–[77], [80], [81].
Such reconfiguration method either relies on feeding specific antenna elements at discrete
times or rerouting the excitation signal into different positions across the feeding network.
The reconfiguration of the feeding network can be executed mechanically such as in [81]
or through the incorporation of single-pole multiple terminal switches along with delay
lines [76], [77]. Other reconfiguration techniques employ radio frequency switches to
connect and disconnect microstrip lines to active antenna elements as discussed in [66]–
[68]. This technique enables agile antenna structure integration by relying on dynamic
reconfiguration mechanisms through the rerouting and intentional alteration of the antenna
surface currents. Another approach presented in [69], [70] enables multiple radiating
elements to be instantaneously activated utilizing dynamic matching sections.
Most proposed approaches in literature have a common trait; all of those utilize a single
beam for the azimuthal scan as presented with the model in section 3.1. Hence, the antennas
have limited potential, without being able to perform in scenarios when two covered sectors
are needed. Consequently, the current work introduces new antennas with more possible
radiation patterns creating a degree of freedom in scanning the azimuthal plane. It is
noteworthy to mention that the antenna pattern configuration along with the radiating
elements can vary to form different radiation patterns based on the suggested
reconfigurable microwave network.

3.2.5

DISCUSSION

This work presents a pattern reconfigurable compact cube antenna that can scan the
azimuthal plane in 90-degree sectors with circularly polarized beams. One or two adjacent
radiating units can be activated at a time offering fast electromagnetic observation and
spatial filtering. This is possible thanks to the novel feeding network configuration that
enables eight reconfigurable radiation patterns utilizing only four radiators. The single RF
port antenna is suitable for cognitive applications where the antenna must establish a link
in a congested and varying electromagnetic environment.
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3.3 A 4-ELEMENT ANTENNA ARRAY SYSTEM WITH 2^4-1
RECONFIGURABLE RADIATION PATTERNS
The third model introduced herein describes a design concept that allows the maximum
number of exciting beams that can be possibly occurred by N number of radiating elements.
First, an example of N=4 prototype planar antenna array system with pattern reconfiguration
in the azimuthal plane is explained. The antenna is designed based on four antenna units
where each unit is composed of two printed Yagi-Uda elements that radiate in directional
beams over a dedicated sector, thus ensuring maximum isolation with neighboring units. The
various units are fed on demand through a reconfigurable structure that is composed of four
reconfigurable feeding networks and a one-to-four power divider. The feeding structure
distributes the required power to the various radiating units through the activation of the two
integrated PIN diodes on each of the four reconfigurable feeding networks. Such activation
results in 15 (4^2-1) reconfigurable radiation patterns that cover four orthogonal sectors over
a fixed operating frequency, at 5.8 GHz. Each antenna unit is designed to exhibit a directivity
of 9 dBi with a half-power beamwidth of 44ο and a sidelobe level of -16 dB. The antenna
array is fabricated and tested, where the measured results validate the predicted simulated
data. Lastly, two additional antenna models utilizing the proposed design technique are
shown to discuss varieties in the array pattern and number of beams.

3.3.1

2-ELEMENT RADIATING UNIT – BLOCK 1

An antenna array system that is composed of three main blocks is presented herein. The
antenna array system, shown in Fig. 3.15, covers a total area of 133 mm × 133 mm. The
first block (Block 1a, 1b, 1c, 1d) consists of four identical radiating units that are
designed on top of a 0.79 mm thick Rogers RT5870 substrate with a dielectric constant
εr=2.33, and a loss tangent tanδ=0.0012. The four radiating units are positioned at the four
corners of a cross-like arrangement. The second block (Block 2a, 2b, 2c 2d) is
composed of four identical reconfigurable feeding networks that feed the four radiating
units on demand through the activation of the appropriate PIN diodes. More specifically,
two PIN diodes are integrated along each block to enable the rerouting of the RF signal for
radiation pattern reconfigurability. The third block (Block 3) is the one-to-four power
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Figure 3.15 The proposed antenna system with 15 reconfigurable radiation patterns over
four different sectors in the azimuthal plane.
divider that distributes the input signal into the different radiating units (Block 1) through
the reconfigurable feeding network (Block 2).
Each radiating unit is composed of two dipole Yagi-Uda antenna elements as shown in
Fig. 3.16(a). The antenna array is fed through an antipodal feeding configuration to reduce
the overall size of the system. The length of the dipole is approximately 0.5λg at 5.8 GHz
for matching purposes. The antenna array radiating structure is positioned at a distance of
0.15λg from the backside ground plane, which acts as a reflector. The directivity of each
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Figure 3.16 Radiating unit in Block 1. (a) Array of two antipodal Yagi-Uda elements.
(b) The corresponding gain pattern at fc=5.8 GHz.
radiating unit is enhanced by incorporating in front of the dipole elements, three parasitic
copper lines, each of length 16 mm and separated by a distance of 1.9 mm, to act as
directors. The corresponding gain pattern of the array structure, shown in Fig. 3.16(b) with
a maximum gain of 9 dBi, HPBW of 44o, and a sidelobe level of -16dB, enables the overall
presented array structure to maintain high isolation between the independently activated
beams of the four orthogonal sectors along the azimuthal plane.

3.3.2

RECONFIGURABLE FEEDING NETWORK - BLOCK 2 & BLOCK 3

A reconfigurable feeding network is designed to enable the overall antenna array system
to independently radiate 15 distinct radiation patterns. The proposed feeding network that
feeds one of the four radiating units, is shown in Fig. 3.17(a). Accordingly, the presented
network is composed of one input port (Inp. Port) and two output ports. One of these
output ports (a.p.) is connected to the corresponding radiating unit while the other port is
terminated by R=50 Ω load.
The feeding network consists of two 50 Ω parallel transmission lines (TL_Left and
TL_Right) each of length 180o. These two TLs start from the input 50 Ω common port
(Inp. Port) and are terminated by the two PIN diodes (dL, dR) from Skyworks (i.e.,
SMP1321-040LF, sc-79, [82]). The respective PIN diode with the 180o transmission line
resembles a virtual open load at the input port when this PIN diode is in the OFF state.
Consequently, the second PIN diode will be activated, and all the power is guided to the
second TL. Thus, the operation mechanism of the proposed feeding network is based on
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Figure 3.17 (a) The design of the reconfigurable feeding network (Block 2). (b) The
change in the surface current for the two states of the integrated PIN diodes.
activating each PIN diode individually.
The surface currents, shown in Fig. 3(b), prove how the power is completely guided to
one side of the feeding network based on the activation of the corresponding PIN diode.
When dL: ON and dR: OFF, the supplied RF- current is routed to the fed radiating unit.
However, when condition dL: OFF and dR: ON is applied, the RF current is guided and
dissipated into the 50 Ω resistor load. This condition ensures no radiation from the
corresponding array unit while maintaining good matching at the input port of the feeding
network. More specifically, TL_Left extends to the array unit’s port (a.p.), through
the diode dL and the matching section sta (3 mm × 3.2 mm). Whereas TL_Right
extends to a load R=50 Ω through the diode dR, the matching section str1 (3.2 mm × 4.3
mm), the DC-block capacitor C (9.9 pF), and the matching section Str2 (2.5 mm x 3.8
mm). The load resistor R is grounded through a TL section Str3 (2.5 mm × 1.3 mm). The
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DC bias of the two integrated PIN diodes is achieved through the RF-Choke inductors L
(27 nH) and the two high RF-impedance lines (dc).
The corresponding S-parameters of the feeding network for the two states (State 1 dL: ON, dR: OFF) and (State2 - dL: OFF, dR: ON) are presented in Fig. 3.18(a) and
Fig. 3.18 (b). It is important to note that Port 1 corresponds to the input port (Inp. Port)
of the feeding network while Port 2 corresponds to the array unit’s port (a.p.). At the
first state, the input and output reflection coefficient’ bandwidths (S11, S22 < -10 dB) are
determined to be between 3.3 GHz and 6 GHz, with transmission coefficients (S21|12 at 5.8
GHz) to reach -0.75 dB. On the other hand, when the second state is applied, S11 has a
bandwidth that extends from 4.4 GHz up till 6.3 GHz and S22 is well mismatched, causing
isolation greater than 10.8 dB.
The last block in the proposed antenna system design consists of a one-to-four power
splitter that is designed to appropriately feed the four radiating units on demand through
the activation of the corresponding feeding network. The layout of the designed power
splitter is presented in Fig. 3.19(a) where the feeding input port is positioned at the center
of the structure to acquire design uniformity and a reference point for the radiated beams
of the overall array system. The power splitter is composed of the transmission line TL1
(50 Ω, 155ο) that extends to two identical transmission lines TL2 (50 Ω, 142o) that are
connected in parallel. This transition happens through a dc-block capacitor C (9.9 pF) for
the RF source protection from any DC supplied to the various PIN diodes for activation.
Two parallel stubs S (80 Ω, 25o) are integrated for proper matching at the design frequency
of 5.8 GHz.
A quarter wavelength impedance transformer ΙΤ (35 Ω, 90o) is implemented to match
each TL2 to the two parallel-connected transmission lines TL3 (55 Ω, 148o) and TL4 (63
Ω, 148o), respectively. The four transmission lines (TL3 and TL4) are used to feed the four
reconfigurable feeding networks. It is important to note that the output impedance of these
four lines is 50 Ω. However, the two designed TL3 have slightly wider widths to account
for the stronger coupling that these two TLs receive from the quarter wavelength
impedance transformer IT section. The presented splitter also employs an RF-choke
inductor L (27 nH) at its top center point to provide a common dc ground terminal to the
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Figure 3.18 (a) The change in the S-parameters response of Block 2: (a) ON state, (b)
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Figure 3.19 (a) The design of the one-to-four power divider (Block 3), (b) The
corresponding S-parameters.
integrated PIN diodes elements along with the four reconfigurable feeding networks. The
splitter’s response presented in Fig. 3.18 (b) shows an operation in the frequency range of
4.5-6.5 GHz. The transmission coefficient is almost the same for all the output ports and it
reaches -6.38 dB at the design frequency of 5.8 GHz. Thus, providing the required one-tofour power split functionality.
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3.3.3

15-PATTERN RECONFIGURABLE ANTENNA

The final step is the assembly of all the three designed blocks to form the prototype antenna
system presented in Fig. 3.20. The four PIN diodes, highlighted in Fig. 3.20(a), provide a
connection to the four radiating units. Four additional PIN diodes are also integrated to
provide open load termination. The appropriate basing of these switches enables the overall
antenna system to feature fifteen different states. These states can be described in a four
binary digit number, where each digit describes the condition of each of the four sectors
highlighted in Fig. 3.20(a). The sector with an active beam is identified with the number
1. On the other hand, a “blind” sector that does not radiate any beam, is identified with the
number 0. As an example, condition 1000 can be interpreted as sector 1 is radiating while
the rest do not. This is obtained by simultaneously activating the diode that connects to the
radiating unit in the first sector and the PIN diodes that connect to the 50 Ω load in the
other remaining three sectors. All remaining PIN diodes are deactivated. A microcontroller
with eight dc ports can be used to drive the state of each diode according to the application
scenario. This device is possible to be assembled at the bottom side of the substrate, at the
ground plane, to avoid interferences with the RF circuit that is on the top side. The feeding
network is coplanar with the radiating elements but does not disturb the radiation
performance due to the good matching applied at all ports, and so it serves only as a power
distributor.
The measured input reflection coefficient of the fifteen states, compared to the
simulated ones, is shown in Fig. 3.21. The overall antenna system provides an operational
range of frequencies between 5 GHz and 6 GHz, with the antenna’s main operating
frequency at 5.8 GHz. For all the different biasing conditions, the proposed antenna system
maintains a good impedance match and a close agreement between the simulated and
measured data.
The radiation patterns of the proposed antenna system are presented in Fig. 3.22. In
total, this can produce 15 different reconfigurable radiation patterns that are obtained to
cover the four sectors on demand. It is found that good isolation between the active lobes
of the corresponding sectors is obtained, which ensures minimum interference, less noise,
and optimized performance. For all the scenarios, a great agreement is noticed between the
simulated and measured results.
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Figure 3.20 The fabricated prototype: (a) Top view with the four integrated PIN diodes,
(b) bottom view with theIdeal
DC wires.
Compo.

It is important to note that the deactivated lobes can be further diminished with the
replacement of the currently used diode with one that has greater isolation at the off state.
This is demonstrated with simulations in Fig. 3.23(a), showing a possible magnitude
difference of more than 10 dB. Fig. 3.23(b) illustrates the realized gain of co- and crosspolarization over frequency. At the desired center frequency of 5.8 GHz, the gain is 1.9
dBi which results from the 9 dBi of the two-element planar array, the -6.38 dB transmission
(c) one-to-four power divider, and(d)the roughly -0.75 dB transmission
coefficient of the

coefficient of the active element. The cross-polarization discrimination of the antenna is
greater than 18.5 dB. The efficiency of the antenna system varies due to its pattern
reconfigurable character. When all elements are active the antenna efficiency is at 86%
simulated and 82% measured. When three elements are active, the efficiency drops due to
the operating mechanism of the antenna to dissipate the power of the deactivated elements
to a resistor. Therefore, the efficiency at this state is 65% simulated and 62% measured.
The next state of two elements active results in a simulated efficiency value of 47% and
44.9% measured. In the last case of one element active, the simulated efficiency is 30%
and measured 28.6%.
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Figure 3.21 The simulated and measured input reflection coefficient of the overall
antenna system for various states.
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Figure 3.22 The simulated and measured reconfigurable radiation pattern for different
cases: (a) One sector is active, (b) Two sectors are considered, and (c)
Three active sectors.
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3.3.4

RELATED WORK

The literature work has been thoroughly presented in section 3.2.4. This section briefly
introduces two more developed models that are related to the current technology with the
difference in operating frequency, pattern configuration, and the number of elements.
The first model is presented in Fig. 3.23 to explain that the radiation pattern is formed
by the array pattern configuration and the radiating elements used, instead of the suggested
coplanar reconfigurable feeding network. The figure shows the four elements to be
designed at the closes distance possible allowed by the reconfigurable feeding network
occupied area. This is an X-band four-element array configured in a circular pattern with
the requirement of the beams to be directional. In contrast, the radiation patterns result in
side lobes greater than the main lobes as seen in Fig. 3.23(a). To troubleshoot this issue
while maintaining the same confined area, the ground plane is modified. By doing so, the
propagated fields in the substrate are forced to destructively interact in areas between
elements, improving the isolation between the beams. In specific, the side lobes are reduced
by more than 9 dB and the main beams are increased by 2.5 dB.
The second model is shown in Fig. 3.24 that is an X-band antenna array with 8 coplanar
elements implementing the proposed technology and consequently resulting in 256
reconfigurable states. The design model is fabricated and tested where is currently used in
cognitive radio experiments.

3.3.5

DISCUSSION

As mentioned before, antennas with the ability to reconfigure their radiation patterns can
enable or block communication links on demand, cut out interferers and enhance the signalto-noise ratio. This allows overcoming multiple communication channel adversities such
as multipath and fading. Hence, antennas that exhibit a multitude of reconfigurable beams
must be able to radiate on-demand and independently from each other.
The new reconfigurable pattern capability of the proposed design is presented in
comparison to Table 3.3.1 with respect to the latest works in the literature. The table shows
that there is a great struggle to achieve a single driven port antenna with independent beam
activation. As seen, most proposed designs implement SPNT switches that limit the
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Figure 3.23 A four-element array antenna at X-band. (a) Before and (b) after the
modification of the ground plane to improve the radiation pattern in the
same real estate.
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Figure 3.24 The proposed antenna system with 255 reconfigurable radiation patterns
over eight different sectors in the azimuthal plane. (a) Simulated model and
(b) fabricated prototype.
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-5 dBi

antenna performance. The simple Figure of Merit (FoM) created in Eq. 3.1 helps to
distinguish this new independent pattern capability of the proposed antenna. The FoM takes
into account the number of the established reconfigurable patterns and the beams that are
independently activated with respect to the number of input RF ports and the radiating
elements utilized.
FoM =

# Rec.Patterns ×# Independent Activate Beams
# RF Ports ×# Elements

Eq. 3.1

TABLE 3.3.1
PATTERN RECONFIGURABLE ANTENNAS COMPARISON

[63]
[72]
[75]

RF
Ports
1
1
1

[76]

1

Ref.

6
4
1

# Rec.
Patterns
12
4
4

Indep.
Beams
2
1
1

8

8

1

Elements

[77]
1
4
4
1
[65]
1
4
4
1
[66]
1
4
4
1
[67]
1
4
4
1
[69]
1
4
11
3
This
1
4
15
4
Work
RFN: Reconfigurable Feeding Network PE: Parasitic Elements
RGS: Reconfigurable Ground Slots

Method

FoM

RFN
PE
RGS
SPDT,
SP4T
SP4T
SP4T
SP4T
RFN
RFN

4
1
4
1
1
1
1
8.25

RFN

15

1

The reconfiguration potential of the full antenna system is driven by a reconfigurable
feeding structure that employs active switching technique, reconfigurable power division,
and high isolation factors to feed the different radiating units of the antenna system. Four
radiating units composing the antenna system are well isolated by relying on a plethora of
techniques. Finally, once fed each unit radiates on demand a highly directive beam that can
be sequentially reconfigured and rotated to cater many applications. The antenna system is
fabricated and measured, where measured results agree well with simulated data in terms
of input matching as well as radiation pattern reconfigurability for the various activated
sectors.
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3.4 A LOW LOSS 4-ELEMENT ARRAY ANTENNA WITH A TUNABLE
MATCHING NETWORK AND 15 RECONFIGURABLE STATES
The fourth and the last model proposed in the pattern reconfigurable era is an advanced
design of the previously explained model, which exploits all the available supplied power.
The novel design employs reconfigurable tuning and switching networks to always
distribute the power to the activated radiating elements and not to dissipate the power
portion of an inactive element to a resistor. The new antenna system shown in Fig. 3.25,
operates at 10 GHz (X-band) and has a cube array configuration, that is designed to cover
the azimuthal plane with 15 reconfigurable patterns and circularly polarized beams.

3.4.1

RECONFIGURABLE MATCHING AND SWITCHING NETWORKS

The single RF port-driven antenna system maintains input matching during the fifteen
alternative states (excluding the OFF state) due to the development of two reconfigurable
networks, defined as Reconfigurable Matching Network (RMN) and Reconfigurable
Switching Network (RSN). The tuning network has a stack topology with a uniform pattern
to result in the excitation of symmetrical surface currents and consequently to a balanced
matching for all the possible switching combinations, Fig. 3.26. The stack consists of two
of the same substrates (RT6006, εr = 6.15, tanδ = 0.0019) of 0.25 mm thickness that share

RMN

RSN

(a)

(b)

Figure 3.25 The low loss 15-pattern reconfigurable cube antenna system. (a) Top View.
(b) Bottom View.
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a common ground plane. The first substrate accommodates the RMN, and the second
substrate accommodates the RSN, as respectively shown in Fig. 3.26(a) and Fig. 3.26(b).
The two networks are connected through a copper rod (via), as illustrated by the side view
of the stack in Fig. 3.26(c).
The RMN design seen in Fig. 3.27, serves to impedance match the 50 Ohm port P0 to
the variable input impedance at the end of the network (via point) caused by the RSN.
The network consists of three different impedance microstrip lines (TL1: 50 Ohm, TL2:
35.35 Ohm, and TL3: 25 Ohm), a capacitor c: 0.8 pF, inductors L: 3.8 nH, the two stubs
st1 and st2, active components dst1 and dst2 (MA4AGP907), and the dc-ground
connections. The first line TL1 is employed to accommodate the dc-block capacitor for the
RF source protection from the dc currents, where the second line TL2 is an λg/4 impedance
transformer to match the 50 Ohm TL1 to the 25 Ohm TL3 line. The length of this line, TL3,
depends on the diodes’ integrated position, which in turn relies on the input impedance
appeared at via. In other words, the stubs are introduced to match the new condition set by
the RSN network at the second substrate. To enable the stubs in the matching network, the
diodes are forward biased by dc sources through the inductors that serve as RF-choke
components. It is noted that the network can be further extended with more integrated stubs
at different positions or on the existing ones, for enabling more switching conditions at the
RSN. Moreover, the active components are chosen concerning the least introduced
electromagnetic turbulence to maintain stable tuning performance.
The RSN design is presented in Fig. 3.28, and this has a uniform pattern to improve the
reliability of the power transferred to the four output ports PN, during the different
reconfigurable states. The network employs an arm that is cascaded four times around the
center, by an increment of 90 degrees. Each arm consists of an impedance transformer of
TL4 similar to the TL2 one seen before, for matching the TL3 line to the 50 Ohm TL5 line.
At the end section of TL4, a reconfigurable shunt stub is implemented to serve as an enabled
RF choke to allow or block the power to be distributed to the output RF port. Specifically,
the state (ON/OFF) of the diode activates or deactivates respectively the RF choke into the
arm. When the diode is ON, the RF choke function is enabled, and no RF current reaches
the port. On the other hand, when the diode is OFF, the RF current is free to pass to the
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Figure 3.26 The tunable network. (a) Reconfigurable matching network. (b)
Reconfigurable switching network. (c) Side view.

dc

dc

P0

RFin

TL1

C

st1
dst1

TL2

1.38

0.633

0.345

1.66

0.534

L

L
1

TL3

3.2

7.45

(mm)

Figure 3.27 The reconfigurable matching network.
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Figure 3.28 Reconfigurable switching network.
port.
It is noted that the RF choke may be also activated with a series configuration by having
an RF switch to connect the two transmission lines TL4 and TL5, implemented at a distance
that creates a virtual open load at the OFF state of the switch. The choice between the two
configurations of implementing the RF choke, series or shunt, depends on the active
element characteristics, such as insertion loss and isolation at the ON and OFF states,
respectively. If more ports are requested, these are included maintaining the uniform
system pattern as seen in Fig. 3.28, with the addition of the proper reconfigurable matching
stubs at the top network.
The circuitry’s reconfigurable condition for proper operation is provided in Table 3.4.1,
showing the necessary diodes’ state, OFF or ON, in respective binary form 0 or 1. As
shown, all ports can be enabled alone or in combination with other ports, by activating the
associate tuning stub. For instance, if two ports are desired to be enabled, tuning stub St2
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is activated to set this condition. In case one port is enabled, then it receives all the supplied
power RFin from the P0 port; if more than one port is enabled, the supplied power is
equally shared among them in the same phase, while maintaining input matching.
Consequently, a port is always independent of activation to the rest ports while maintaining
a good match for power transfer.
The simulated performance of the tunable system is presented in terms of scattering
parameters amplitude and phase in Fig. 3.29 and Fig.3.30, respectively. The two figures
illustrate four cases: plot (a) includes one port enabled; plot (b) has two ports enabled; plot
(c) has three ports enabled; plot (d) has four ports enabled. Individual combinations of each
port for the above cases are not shown because the electromagnetic response remains the
same due to the uniform pattern of the network. For instance, in the case of two-port
enabled, the individual combination 0011 (P4 P3 P2 P1) has a similar response (sparameters – magnitude and phase) with 0110 or 1100 or 1001 or 1010 or 0101. As
seen in the S-parameter figure (Fig. 3.29), the circuitry has an input reflection coefficient
TABLE 3.4.1
TUNABLE SYSTEM RECONFIGURABLE STATES
St2

St1

P4

P3

P2

P1

0

0

0

0

0

1

0

0

0

0

1

0

1

0

0

0

1

1

0

0

0

1

0

0

1

0

0

1

0

1

1

0

0

1

1

0

0

1

0

1

1

1

0

0

1

0

0

0

1

0

1

0

0

1

1

0

1

0

1

0

0

1

1

0

1

1

1

0

1

1

0

0

0

1

1

1

0

1

0

1

1

1

1

0

0

1

1

1

1

1
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always less than -20 dB with isolation towards the disabled ports to exceed 24 dB. The
insertion loss is noticed to be almost 1 dB in each case due to non-ideal active elements
implemented in the system and the dielectric losses. Specifically, the transmission
coefficient (TC) for each case at center frequency fc=10 GHz is as next: for single port
enabled is -1.1 dB (ideal 0 dB); for two ports enabled, TC is -3.9 dB (ideal -3 dB); for three
ports enabled, TC is -5.7 dB (ideal -4.7 dB); for four ports enabled, TC is -7 dB (ideal -6
dB).
The electromagnetic balanced behavior of the system is also seen in the two described
figures, where the graphs representing the enabled ports are identical. Similarly, the
disabled ports have an identical response with each other too. Therefore, the designed
reconfigurable independent active-port switch can be used to form single RF-port array
antennas, able to activate and deactivate radiating elements. Moreover, active and passive
components such as power amplifiers, RF switches, phase shifters, attenuators, couplers,
etc.., can be implemented at the output ports of the suggested 1 to 4 RF switch, forming for

(a)

(b)

(c)

(d)

Figure 3.29 Tunable network scattering parameters. (a) One port enabled. (b) Two ports
enabled. (c) Three ports enabled. (d) Four ports enabled.
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(a)

(b)

(c)

(d)

Figure 3.30 Tunable network phase parameters. (a) One port enabled. (b) Two ports
enabled. (c) Three ports enabled. (d) Four ports enabled.
instance a phased array antenna without the necessary implementation of transceivers to
control individually each radiating element.

3.4.2

4-ELEMENT PURE CP ANTENNA ARRAY

The radiating element used at each sector, for scanning the azimuthal plane, is a 4-element
planar array assembled vertically at the edge of the square tunable feeding network,
enclosing it within (Fig. 3.25). The array pattern is optimized so the fields of adjacent
enabled sectors constructively interfere to cover the area between them. This design model
is based on the pure polarization technique that is explained before.
The switching ports described previously are now extended to the feeding port of the
four planar arrays that are aligned orthogonally with each other to form the concise cube
device with a volume of 27 mm x 27 mm x 27 mm. Each planar array has a stack topology
with the radiating elements located at the top layer (a 0.5 mm thick RO3003 substrate, εr=
3, tanδ= 0.0013) and the feeding network located at the bottom layer (a 0.25 mm thick
RT6006 substrate), separated by a common ground to improve isolation, as seen in Fig.
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3.31(a) and Fig. 3.31(b). The radiating elements that compose the array are rectangular
truncated patches aligned sequentially and fed through VIAs (copper rods) by a sequential
power divider. Each patch has dimensions 8.3 mm x 8.35 mm with a truncation length of
1.05 mm. This is fed by a meandered λg/4 impedance transformer line of width 0.338 mm
to match its input impedance of 155 Ohm to the 50 Ohm via point. The elements are
optimally placed at the minimum distance with each other while providing great radiating
characteristics, such as radiation pattern with no side lobes, high gain, and pure circular
polarization.
The 4-element array behavior, provided in Fig. 3.32, is shown to operate in a range of
9.5 – 10.5 GHz, where the radiation pattern at the center frequency defines a pure circularly
polarized 9 dBic beam. The power divider performance is provided in Fig. 3.33 that shows
an equal power distribution in a consecutive phase difference (90 degrees at fc=10 GHz) at
the output ports to enhance the circular polarization condition.

ground
50
22.3

15.2

50

50
23.5

50
50

(Ohm)

(a)

(b)

Figure 3.31 Planar RHCP array antenna. (a) Top view – Cascaded truncated rectangular
patches. (b) Bottom view – Feeding network.
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Gain [dBic] - Φ [degree]
Figure 3.32 Sequential power divider. (a) S-parameters. (b) Consecutive phase
difference.

-6

(a)

(b)

Figure 3.33 Sequential power divider. (a) S-parameters. (b) Consecutive phase
difference.

3.4.3

LOW LOSS 15-PATTERN RECONFIGURABLE ANTENNA

The unique performance of the tunable network in combination with the antenna array is
discussed next with simulated results. Fig. 3.34 shows the input reflection coefficient of
the cube antenna system at the four different enabled port cases. This is well matched
defining an operating frequency range of 9.5 GHz - 10.5 GHz for all port switch
combinations. The radiation pattern of the fifteen alternative cases is shown in Fig. 3.35 –
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Fig. 3.37, demonstrating the beam diversity of the antenna that covers the four 90-degree
sectors. The figures include the co- and cross-polarization gain, where the 3 dB beamwidth
coverage is 61 degrees (Fig. 3.35) for one port enabled with peak realized gain at 8.2 dBic;
150 degrees (Fig. 3.36) for two-port enabled with peak realized gain at 5.3 dBic; 245.5
degrees and 3.52 dBic gain for three ports enabled and 360 degrees with 2.2 dBic gain for
four ports enabled (Fig. 3.37).

3.4.4

DISCUSSION

Simple antennas with independent multiple beam steering operation are new designs thanks
to the newly introduced excitation mechanism. The mechanism is a reconfigurable system
that controls tunable integrated stubs in the network and four switching ports to maintain a
matched condition at any port enabled combination of the fifteen available. The literature
review has not yet yielded a similar power-efficient antenna that performs independent
beam activation of each implemented radiator while is driven by a single RF port.

(a)

(b)

(c)

(d)

Figure 3.34 Input reflection coefficient of the cube antenna system. (a) One sector
enabled. (b) Two sectors enabled. (c) Three sectors enabled. (d) Four ports
enabled.
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(a)

(b)

(c)

(d)

Figure 3.35 Radiation pattern of the cube antenna system when one sector is enabled. (a)
Sector 1. (b) Sector 2. (c) Sector 3. (d) Sector 4.

(a)

(b)

(e)

(c)

(d)

(f)

Figure 3.36 Radiation pattern of the cube antenna system when two sectors are enabled.
(a) Sector 1 & 2. (b) Sector 2 & 3. (c) Sector 3 & 4. (d) Sector 4 & 1. (e)
Sector 1 & 3. (f) Sector 2 & 4.
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(a)

(b)

(c)

(d)

(e)

Figure 3.37 Radiation pattern of the cube antenna system when three and four sectors
are enabled. (a) Sector 1, 2, 3. (b) Sector 2, 3, 4. (c) Sector 3, 4 ,1. (d) Sector
4, 1, 2. (e) Sector 1, 2, 3, 4.

3.5 CHAPTER CONCLUSIONS
Chapter 3 proposes four new pattern-reconfigurable antennas in C and X bands for
selective communication and spatial filtering of the azimuthal plane. The first model is a
cube antenna structure that introduces the virtual open load technique to achieve four active
beams. The beams radiate with RHCP and are enabled one at a time. The second model
exhibits the previous design technique in an advanced manner to establish eight
reconfigurable patterns using four radiating units. This antenna system is also a cube
structure with the antenna units enclosing the feeding network and the RF probe. The
beams are RHCP which can be activated, one or two adjacent at a time, for Φ-plane
scanning. The third model is a planar antenna array that introduces a new feeding network
that proves the concept of N-element array to result in 2^N reconfigurable states. This is
demonstrated for N=4 with 16-1 (OFF state) possible radiation patterns. The operating
principle of such antenna employs resistors where the power of the inactive elements is
dissipated to them for maintaining good matching. An antenna with N=8 and 256
reconfigurable states is also shown. Lastly, the chapter concludes with the fourth model
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that is meeting the independent beam activation of each utilized radiator as model 3 does,
with the addition that now the supplied power is fully exploited improving the antenna
efficiency. This is possible by implementing a series of reconfigurable matching
techniques.
Currently, model 3 is the only fabricated and tested prototype and highly agrees with
the simulated results. It is noteworthy to mention that the literature did not reveal any other
antenna model that includes independent beam activation pattern-reconfigurable antennas,
especially when these are driven by a single RF port. Thus, the suggested antenna models
can benefit low power consumption CubeSats in a cluster that requires plane coverage with
the spatial diversity property.
Material of this research is partially published in [83]–[85], [57].
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4.

CHAPTER 4

POLARIZATION – RECONFIGURABLE ANTENNAS
4.0 INTRODUCTION
Polarization agility is another main antenna trait suitable for applications that seek to
benefit from radiation diversity. For instance, radars can collect more information about
the scanned object if the polarization varies. Space to space, space to ground, or ground to
ground communication links usually suffer from power drop of the signal caused by
depolarization of the radiated wave due to rotational motions of the device, multipath
effect, or the Faraday phenomenon. These issues can easily be addressed with a
polarization reconfigurable antenna. Moreover, this type of antenna can offer effective
reuse of the frequency spectrum to broaden the number applications in of a system.
This chapter introduces two polarization reconfigurable antennas with two and six
optional polarization patterns, respectively. Both are driven by a single RF port and have
an easy fabrication process. First, a circular polarization antenna that can switch between
right-hand and left-hand schemes is explained. This model offers a straightforward design
approach, utilizing only a single active component. The next antenna model introduces a
design that offers six polarizations with the minimum possible losses and complexity.

4.1 A RHCP-LHCP RECONFIGURABLE ANTENNA
This section proposes a narrowband single-fed polarization reconfigurable microstrip
antenna at 2.2 GHz (S-band). The antenna can switch between RHCP and LHCP
implementing a feeding network configuration and a single, low-power, active component.
The antenna is composed of a circular patch that is connected to a reconfigurable feeding
network placed underneath it through vias, as described in Fig. 4.1. The feeding network
is composed of a 90o hybrid coupler connected to a single pole double throw (SPDT)
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Circular Patch
Pins
Sub. 1
Ground
Sub. 2
Feeding Network
Figure 4.1 The proposed RHCP-LHCP reconfigurable antenna.
absorptive RF switch. The antenna can change between the two polarization states
according to the switch condition. A prototype model is fabricated and tested where the
simulated data agree with the measured ones. The acquired radiating characteristics show
the antenna to perform with a reflection coefficient < -15 dB, a realized gain > 4 dBic, and
an axial ratio of < 0.3 dB at the center frequency. The antenna forms a stack topology
reducing its overall size to 2π x 252 mm2 for compact communication systems.

4.1.1

ANTENNA SYSTEM – DESIGN

The proposed antenna has a stack topology, as seen in Fig. 4.1, and consists of a circular
patch that resides on a 1.9 mm thick cylindrical substrate Sub.1 (RT6006) for improving
the radiation efficiency while maintaining small dimensions. The patch is driven by two
pins of 0.1 mm radius that extend to the feeding network underneath the radiator, separated
by a common ground plane. The network resides on a similar substrate Sub. 2 of 0.25 mm
thickness. The antenna occupies an area defined by the Sub. 1 radius r_s = 25 mm.
The radiator as seen in Fig. 4.2(a), is a circular patch and is selected, first, because it
can support two orthogonal modes and, second, of its symmetric shape. The modes are
generated at pin1 and pin2, which are located at a 3.5 mm distance from the center at a 50
Ohm input impedance point. The patch is designed to operate at 2.2 GHz having a radius
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90o Hybrid Coupler

r_s

gnd

r_p

spdt(a)

c

c
c

dc1

(a)

rf_in
(b)

dc2

Figure 4.2 (a) Top view – Circular patch. (b) Bottom view – Feeding network.
of r_p = 15.6 mm. The two ports of the patch are connected respectively to the output ports,
p1 and p2, of the 90o hybrid coupler (X3C21P1-03S [86]) shown in Fig. 4.2(b). The RF
signal is injected at the input port rf_in of the coupler and is guided to the input port of the
spdt switch (SKY13370-374LF [87]). The two output ports of the switch are then
connected to the two input ports of the hybrid coupler. It is noted that the switch is selected
to be an absorptive type that terminates the disconnected port to a 50 Ohm load. In this
way, the fourth port of the coupler is always isolated resulting in a reconfigurable power
divider with a 90o relative phase difference at its two output ports. This configuration
provides the necessary conditions for two circular polarizations at the radiating element.
The switch is activated with a single dc source at points dc1 and dc2, where the change of
polarization is controlled by the voltage polarity. The capacitors c = 56 pf are used for the
proper activation of the switch.
The simulated response of the system is shown in Fig. 4.3. The reflection coefficient
shows the antenna to be well matched at a broad frequency range, though, its operation is
defined by the isolation plot between the two input ports of the coupler, which is < -10 dB
for the range 2.19 – 2.215 GHz, as seen in Fig. 4.3(a). The realized gain of the antenna is
5 dBic (Fig. 4.3(b)), and the axial ratio is less than 0.2 dB (Fig. 4.3(c)). The normalized
pattern is shown in Fig. 4.3(d). it is noted that the uniformly designed structure provides
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(a)

(b)

(c)

(d)

Figure 4.3 Simulated results of the suggested model. (a) Scattering parameters, (b)
realized gain, (c) axial ratio, and (d) normalized radiation pattern.
the same gain and pattern for the two polarization schemes.

4.1.2

ANTENNA SYSTEM – FABRICATION

The described antenna model is next fabricated as shown in Fig. 4.4(a, b), and then tested
in an anechoic chamber. The input reflection coefficient plot (Fig. 4.4(c)) shows the
antenna to be well-tuned at 2.16 GHz, for the two polarization conditions. The measured
peak realized gain is at 4.5 dBic (Fig. 4.4(d)). The axial ratio plot in Fig. 4.4(e) is less than
1 dB assuring the circular polarization purity of the antenna at the center frequency. The
normalized radiation pattern of the antenna is shown in fig. 4.4(f).
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 4.4 Fabricated prototype antenna. (a) top view, (b) bottom view, (c) scattering
parameters, (d) realized gain, (e) axial ratio, and (f) normalized radiation
pattern.
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4.1.3

RELATED WORK

Numerous antenna models are suggested in the literature that can perform with two, three,
or four alternative polarization schemes. This happens through the integration of multiple
RF ports and therefore transceiver modules, or by reconfigurable mechanisms.
In [88] a dielectric resonator element is driven by a microwave network that employs
multiple 90-degree couplers and two input ports for exciting RHCP and LHCP. Likewise,
an end-fire patch antenna in [74] is fed by two ports for linear and circular polarization
performance. These two polarization types are also met in [89], where a circular patch
element is driven by aperture coupling through a CPW circular patch located underneath.
The CPW patch has a reconfigurable stub that introduces an orthogonal slot when is
connected and therefore it excites a second electric field on the top patch. This
configuration results in a linear to circular polarization switch in the presence of the stub.
A rectangular patch in [90] is fed by a probe that is surrounded by a reconfigurable
symmetric to asymmetric U-slot. The slot shape defines the polarization state from linear
to circular or from RHCP to LHCP. Another slot modification with four switch diodes is
presented in [91], where the coupling modified apertures result in two optional linear
polarizations excited on a rectangular patch. A right-hand to left-hand circular polarization
is achieved in [92] by implementing 4 radiating patches driven by two 90-degree couplers.
The antenna system utilizes two diodes at each coupler to select a different delay line for
introducing the necessary phase difference. Similarly, in [93] authors use eight diodes to
reconfigure a power divider in order to feed a patch element for LHCP and RHCP tunable
property.
A greater number of polarization schemes is also possible. In [94], [95] a threepolarization agile antenna is proposed employing eight diode switches to change between
delay lines on a power divider. This enables RHCP, LHCP, and LP schemes to be excited
on a single RF port driven patch. Four polarization states, two circular and two linear are
presented in [96], [97]. This is possible with techniques such as the implementation of
delay lines on a power divider or couplers and SPNT switches to provide the appropriate
phase at the antenna ports. Modifying the antenna element itself is another design method
to change the distributed surface currents on the radiator for the respective polarization
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excitation. This is met in [98] where a rectangular patch has reconfigurable truncated
corners to enable LP, RHCP, and LHCP.
A substrate integrated waveguide feeding a four-slot element array antenna is presented
in [99] offering three different polarizations (RHCP, LHCP, LP). In contrast to the rest
mentioned works, this employs a reconfigurable power divider that introduces matching
stubs for the LP activation. An alternative design is shown in [100], where a power divider
is connected to two variable phase shifters developed out of hybrid couplers and varactors
diodes. This configuration provides two output ports with controllable phases to enable
linear, circular, and elliptical polarization.
Literature shows many ways to achieve the RHCP-LHCP reconfigurable antenna.
Nevertheless, all tend to be complicated designs employing many components. On the
contrary, the presented model in this section introduces the simplest method to achieve the
desired polarization agility, utilizing only one, low-power consumption active component.

4.1.4

DISCUSSION

The introduced work explains a straightforward polarization reconfigurable antenna design
to achieve RHCP-LHCP agility. This covers a small area thanks to its stack topology and
employs a single rf-port that is enabled by the reconfigurable feeding network. The antenna
can switch between right-hand and left-hand polarizations thanks to the combination of a
circular patch driven by a 90o reconfigurable hybrid coupler that is connected to an
absorptive SPDT switch. The designed antenna is fabricated and tested where the measured
response agrees with the simulated one. Therefore, the suggested model is concluded as a
low-profile candidate for new adaptive communication systems.
It is noted that circular polarization measurements were contacted based on references
[101], [102].
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4.2 A LOW-LOSS 6-RECONFIGURABLE POLARIZATION ANTENNA
WITH RECONFIGURABLE FEEDING NETWORK
The last proposed polarization agile antenna model is explained in this section. This design
employs a method to achieve a radiating unit with N (N=1, 2, 3…) reconfigurable
polarization patterns that exploit all the available supplied power with minimum induced
losses. This is possible with an antenna that supports orthogonal modes, (such as TM010
and TM100 or TE01 and TE10, etc.), and a reconfigurable power divider that feeds this
antenna. The technique can also apply to array antennas while implementing the minimum
number of active components.
Next, two printed antennas at fc=9.5 GHz (X-band) are presented, which implement the
same feeding network to utilize N=6 possible polarizations (linear X, linear Y, linear X-Y,
linear X’-Y, RHCP, and LHCP). The antenna systems employ a circular patch as the main
element, where the first is a single-element antenna shown in Fig. 4.5, and the second is a
Chebyshev 4-element linear array antenna shown in Fig. 4.6. Generally, both models have
a stack topology (see Fig. 4.5(a)) and consist of the radiating elements residing on top of a
0.5 mm Rogers substrate RO3003 (Fig. 4.5(b)), the feeding network implemented at the
bottom of the stack on a 0.25 mm thick RT6006 substrate (Fig. 4.5(c)), and a common
ground plane to separate the two circuits. This configuration results in a refined occupied
area with an enhanced interference reduction between the two circuits. These in turn are
connected using 0.1 mm radius copper rods (VIAs) that pass through 0.1 mm and 0.2 mm
radius slots on the substrate and ground, respectively.

4.2.1

POLARIZATION RECONFIGURABLE NETWORK

The six polarizations of the antenna are enabled with no power loss thanks to the
implementation of a reconfigurable circuit that maintains good matching conditions at all
ports. The feeding network of the antenna system, as presented in Fig. 4.7, is composed of
a reconfigurable power divider; reconfigurable phase shifters; (reconfigurable) matching
stubs st; PIN diodes d, and lumped components (inductors L, and capacitors C). Starting
with the reconfigurable power divider, this has three states that allow the power to be
delivered either at its left output port PL’, or at the right output port PR’, or both. This is
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Ground
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(a)
(b)
(c)
Figure 4.5 Six-polarization reconfigurable (single element) antenna system. (a) Side
View. (b) Top view. (c) Bottom view- Feeding network.

19 mm

55.3 mm

12.1 mm

Top
View

(a)

Bottom
View

(b)
Array Feeding
Network

Polarization
Network

Figure 4.6 Six-polarization reconfigurable Chebyshev array antenna system.
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feasible by implementing the reconfigurable matching stubs St2 and St3(L|R) with the
optimized sections TL2 and TL3.
The operating principle of the power divider is described next. When only the diode
dRo is ON, the (open shunt) stub st3R is introduced to the transmission line TL3R. This acts
as an enabled RF-choke to block the signal path towards port PR’. This results in a oneway path towards port PL’. The same applies for the case when only diode dLo is ON,
causing the introduction of the stub st3L into the line TL3L for resembling port PL’ as an
open port, and therefore the power to be delivered only to port PR’. Hence, the impedance
of microstrip line TL3(L|R) serves to match the input port of the power divider to the
seemingly single output port. For instance, the TL3L is a 35 Ohm microstrip line with a
length of about λg/4, to match the 25 Ohm input impedance of the divider to the 50 Ohm
output port PL’ or PR’. It is noted that line TL2 has a characteristic impedance of 25 Ohm
to match the divider input port. The impedance of this line (TL2) is chosen to be equal to
the summation of the two parallel output ports (PL’ and PR’). This allows having any length
for the line (TL2) without altering the input impedance of the divider.
This degree of freedom is exploited for the implementation of a reconfigurable
matching stub st2, responsible to tune the third state. This happens when only the do is
ON, resulting in equal power distribution to the two output ports. The schematic in Fig.4.7
provides an optimized characterization for each power divider section, such as impedance
and phase values. It is noted that the optimization was contacted for the specific active
element MA4AGFCP907 diode from MACOM [35]. The 25 Ohm input port of the divider
is impedance matched to the 50 Ohm port P1:RFin, through the 50 Ohm line TL1 and the
parallel stub st1. The 0.8 pF capacitor C located between this transition, serves as DC
isolator for the RF source protection. Similarly, the 3.8 nH inductors L implemented on the
transmission lines, serve for the proper DC bias of the active elements through narrow dc
lines (dc and gnd); one can replace the lumped components with microwave stubs.
The response of the power divider alone, at the three reconfigurable states, is depicted
in Fig. 4.8 (a-c), showing an operation beyond the frequency range 8.5-10.5 GHz. At state
dRo:ON (Fig. 4.8-a), the reflection coefficient S11 is at -25 dB, the transmission coefficient
SL’1 reaches -0.3 dB, while the blocked port shows isolation greater than 20 dB. The same
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response appears for the state dLo:ON (Fig. 4.8-b), because of the circuit symmetry.
Consequently, the reflection coefficient is better than -25 dB, the transmission coefficient
SR’1 is also -0.3 dB, and the isolation toward and from port PL’ is better than 20 dB. In the
last state, do:ON (Fig. 4.8-c), the power is equally shared among the two ports with a
transmission coefficient -3.4 dB and a reflection coefficient better than -40 dB. According
to the simulated results, the low loss power divider exhibits an insertion loss of about 0.35
dB. It is noteworthy to mention that the active switch elements can be replaced with
alternative RF switches, such as MEMs. Moreover, the diodes dLo and dRo can be in the
series configuration instead of parallel, without implementing the stubs st3(L|R) to set the
condition of the open output port. This approach depends on the active element’s scattering
parameters and the substrate used. However, the provided model schematic utilizes the
minimum number of active elements to achieve the explained three reconfigurable states.
After the signal path exists from the power divider output ports (PL’ and PR’), it
proceeds towards the reconfigurable phase shifters. These are implemented out of delay
lines introduced by the switch diodes dL1, dL2, dR1, and dR2. One can also use digital phase
shifters, a rather more expensive and limited to low-frequency bands approach. The
combination of the power divider’ states along with the two phase shifters’ states, results
in the maximum available polarizations that the two-mode antenna can excite. Herein, the
two phase shifters have as reference points three ports, which are the input port of the
power divider P1, the left output port PL (for TM100 mode excitation on the circular patch),
and the right output port PR (for TM010 mode excitation). The 50 Ohm (same) delay lines
psL1 and psR1 are designed for a 0-degree phase shift when introduced. To set this
condition, the transmission lines TL4L and TL4R lengths are tuned accordingly to adjust a
relative phase difference of 0-degree between the output ports. The delay lines psL2 and
psR2 are designed to introduce 180- and 90-degree relative phases, respectively. The multisection integrated phase shifter network is then better tuned to match the 50 Ohm lines
TL4L and TL4R by utilizing the stubs ST4R, ST4L and ST5L.
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Figure 4.7 Polarization reconfigurable network.

(a)

(b)

(c)

Figure 4.8 Simulated response of the reconfigurable polarization feeding network: (a)
Power guided to port PL’. (b) Power guided to port PR’. (c) Power shared
between ports PL’ and PR’.
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4.2.2

RADIATING ELEMENT – CIRCULAR PATCH

The radiating element used for demonstrating the performance of the suggested
reconfigurable configuration is a printed circular patch as depicted in Fig. 4.9(a), which
can support the two required orthogonal modes. The patch has a radius r1≈λgc/4= 5.1 mm
and resides on the cylindrical substrate of radius 6 mm. The two feeding points, PL and
PR, are placed at a distance of r2 = 1.23 mm from its center. This distance serves to excite
the two orthogonal modes of the patch TM100 and TM010, with an input impedance of 50
Ohm. The simulated reflection coefficient (SLL and SRR) acquired using feeding probes at
each mode case, is shown in Fig. 4.9(b) to be better than -24 dB. In addition, the
transmission coefficients SPL and SLP show isolation between the ports to exceed 45 dB,
which makes the two ports essentially invisible to each other. The radiation pattern of the
patch is shown in Fig. 4.9(c) having a realized gain of 6.75 dBi.

4.2.3

SINGLE-ELEMENT 6-POLARIZATION RECONFIGURABLE ANTENNA

The antenna system results from the assembly of the two output ports of the feeding
network to the two respective input ports of the antenna element. This allows the next six
reconfigurable polarizations to be formed: linear X, linear Y, Linear X0-Y0 (diagonal),
Linear X180-Y0 (diagonal), RHCP and LHCP. The number of polarizations can be increased
if additional phase shifting is included. For instance, an elliptical polarization is possible

PR

PL
r2
r1

Patch
Sub. 1

Common
Ground

(a)

(b)

(c)

Figure 4.9 Radiating element: (a) Circular printed patch view. (b) Reflection and
transmission coefficients. (c) Radiation pattern of the realized gain.
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with a relative phase difference ΔΦ ≠ 0o, nx90o (where n=integer) between the output ports.
Also, more linear polarizations can be added if attenuators are placed at each power divider
output port. This is not encouraged herein since it sacrifices power. The achieved
reconfigurable conditions are summarized in Table 4.2.1, which shows the necessary
diodes’ state, OFF or ON, in respective binary forms 0 or 1. It is noted that alternative
activation of linear X and Y polarizations happens for dL2:1-dL1:0, and dR2:1-dR1:0
respectively, where the signal path changes to the second delay line on the phase shifters.
TABLE 4.2.1
POLARIZATION RECONFIGURABLE STATES
do

dLo

dRo

dR2

dR1

dL2

dL1

Polarization

0

0

1

0

0

0

1

X

0

1

0

0

1

0

0

Y
0

1

0

0

0

1

0

1

X -Y0

1

0

0

0

1

1

0

X180-Y0

1

0

0

1

0

0

1

RHCP

1

0

0

1

0

1

0

LHCP

The simulated performance at the six reconfigurable polarization states of the single
element antenna structure is presented in Fig. 4.10 to Fig.4.13. The implemented radiating
element has a narrowband behavior thus the reflection coefficient of the antenna system is
also limited to this operating band. The input reflection coefficient at fc exceeds the 25 dB
for all the six polarization states, assuring a good operation at the desired frequency (Fig.
4.10). The normalized polarization patterns are plotted in Fig 4.11 in order to provide a
figurative aspect of the polarizations’ purity. The graphs show the electric field vector
varying for a cycle of 360o degrees. The results prove the ability of the antenna structure
to switch instantly between those six polarizations. Purer polarizations can be met with
further optimization of the system. Next, Fig. 4.12 explains that the gain of the antenna at
each different set condition remains the same, in other words, there is minimum to no losses
for radiating in a different polarization scheme. The realized gain shown with the radiation
patterns at two Φ-planes (0o and 90o) reaches beyond 5.6 dBi for all possible conditions.
The comparison of this gain to the realized gain of the circular patch alone in Fig. 4.9(c),
results in the insertion loss of the antenna structure to be 1.1 dB. This originates from the
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0.35 dB insertion loss of the reconfigurable divider and the 0.35 dB insertion loss of each
active element that the signal passes through. Therefore, the designed model itself
concludes with insignificant insertion losses. The axial ratio for the special cases of righthand and left-hand circular polarizations are provided in Fig. 4.9, which is as low as 0.4
dB.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 4.10 Simulated S-parameters of the single element antenna structure. (a) X-linear
pol. (b) Y-linear pol. (c) X-Y -linear pol. (d) X’-Y -linear pol. (e) RHcircular pol. (f) LH-circular pol.
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patch

(a)

(b)

(c)

(d)

(e)

(f)

Figure 4.11 Simulated polarization purity plots of the single element antenna structure.
(a) X-linear pol. (b) Y-linear pol. (c) X-Y -linear pol. (d) X’-Y -linear pol.
(e) RH-circular pol. (f) LH-circular pol.
6

(a)

6

(b)

(d)

6

(c)
6

6

6

patch

(e)

(f)

Figure 4.12 Simulated radiation pattern and gain of the single element antenna structure.
(a) X-linear pol. (b) Y-linear pol. (c) X-Y -linear pol. (d) X’-Y -linear pol.
(e) RH-circular pol. (f) LH-circular pol.
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p

(a)

(b)

Figure 4.13 Simulated axial ratio of the single element antenna structure at (a) RHcircular pol, and (b) LH-circular pol.

4.2.4

4-ELEMENT 6-POLARIZATION RECONFIGURABLE ANTENNA

The novel concept explained above, can simply apply to an array antenna for applications
that demand greater gain. Fig. 4.6 illustrates an example of a four-element linear array
antenna using the circular patch from the first described model. For the minimum
utilization number of active switches, the radiating elements are fed in parallel, creating
the array feeding network, where this, in turn, is assembled in series to the reconfigurable
polarization network. The linear array has tapered feeding following Chebyshev
polynomial. This feeding method is used to eliminate the side lobes with a tradeoff gain
reduction. The performance of the array antenna able to reconfigure between six
polarization states is shown in Fig. 4.14 to Fig. 4.17. The input reflection coefficient of the
array antenna is always less than -25 dB at the fc = 9.5 GHz (Fig. 4.14). The polarization
plots clearly illustrate their purity in Fig. 4.15, where the radiation patterns have minor side
lobes and a realized gain to reach beyond 9 dBi, as seen in Fig. 4.16. Lastly, the axial ratio
beamwidth plots in Fig. 4.17 refer to the right-hand and left-hand polarization, and it is as
low as 0.18 dB and 0.55 dB, respectively.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 4.14 Simulated S-parameters of the array antenna structure. (a) X-linear pol. (b)
Y-linear pol. (c) X-Y -linear pol. (d) X’-Y -linear pol. (e) RH-circular pol.
(f) LH-circular pol.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 4.15 Simulated polarization purity plots of the array antenna structure. (a) Xlinear pol. (b) Y-linear pol. (c) X-Y -linear pol. (d) X’-Y -linear pol. (e)
RH-circular pol. (f) LH-circular pol.
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array

array

(a)

(b)

(c)

(d)

(e)

(f)

Figure 4.16 Simulated radiation pattern and gain of the array antenna structure. (a) Xlinear pol. (b) Y-linear pol. (c) X-Y -linear pol. (d) X’-Y -linear pol. (e)
RH-circular pol. (f) LH-circular pol.

(a)

(b)

Figure 4.17 Simulated axial ratio of the array antenna structure at (a) RH-circular pol, and

(b) LH-circular pol.

RHCP

LHCP

120

a

4.2.5

DISCUSSION

The low cost, low loss, and easy to fabricate N-polarization antenna is now feasible due to
the innovative approach of combining orthogonal mode-based antennas with a
reconfigurable power divider. This is demonstrated with an antenna that maintains all
radiating characteristics like input reflection coefficient, radiation pattern, and gain, the
same at any polarization mode.
The literature work, as thoroughly presented in section 4.1.3, shows the antennas to be
limited at the maximum of four polarizations. Moreover, the input reflection of the antenna
does not remain the same when those are implemented. On the contrary, the proposed
model always sustains repeatability (meaning no change of other radiating properties)
while tuning to a different polarization scheme. In addition, the proposed polarization
reconfigurable network is adaptable to array antennas as demonstrated with a 4-element
Chebyshev one, for applications that require increased directivity. It is noted that similar
performance is not yet presented in the latest literature work.

4.3 CHAPTER CONCLUSIONS
This chapter introduces antennas with polarization reconfiguration on demand for
improving communication links or permitting more applications to be supported by a single
radiator. The first model is a RHCP-LHCP antenna designed with a single active
component at the smallest real estate. The second model introduces a method to enable
numerous polarizations excited on a single or an array of elements. Both antennas are lowloss, single port circuits that can provide CubeSat units the polarization diversity benefits.
Currently, model 1 is fabricated and tested verifying the simulated work, where model
2 is being developed and left as future work.
Material of this research is partially published in [57], [103].
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5.

CHAPTER 5

CONTRIBUTION AND FUTURE WORK
5.0 INTRODUCTION
This dissertation presents several designed antennas with diverse radiating characteristics
for the adaptation of CubeSat units or other systems in a continuously varying
electromagnetic environment. In many incidences, the developed models exceed the stateof-the-art performance declared in the literature to date.

5.1 SUMMARY OF CONTRIBUTIONS
The contributions of this effort can be listed as follows:
In Chapter 2, frequency reconfigurable antennas at K- and Ka-band with unique
radiating characteristics are presented for the first time. Among them, a highly pure
circularly polarized antenna with a fractional bandwidth greater than 37.5% is reported.
The antenna has a directional beam of more than 12 dBic with a side lobe level at -17.5
dB. This performance is enabled with a combination of optimized design techniques that
cumulatively take place at the 16-element array formation. In addition, a ring resonator is
innovatively modified to act as the frequency reconfigurable mechanism for tuning the
antenna in different bands. The low-loss asymmetric microwave component is also
characterized by transmission line theory and microwave networks. This is an alternative
approach to what is usually practiced in the literature, the odd/even mode analysis which
limits the characterization to symmetric circuits only. Furthermore, a 64-element diplexer
driven antenna that reconfigures both, transmitting and receiving bands, is disclosed. The
antenna is an advancement of the 16-element array that also employs new, extremely low
loss, reconfigurable resonators designed specifically for mmW frequencies.
In Chapter 3, antennas at C- and X-band with special pattern reconfiguration techniques
are presented. One of the models exploits a low power consumption SPNT reflective switch
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to demonstrate a design technique that allows N radiation patterns while utilizing a number
of radiating elements less than N. For instance, a 4-element array can perform with 8
radiation patterns. Another antenna introduces the concept of N antenna elements to enable
2^N-1 radiation patterns, with each element to radiate a beam independently of the rest
elements’ state. This is enabled by maintaining an always-matched condition with the
design of an absorptive switch network. Beyond that, a more advanced antenna system is
developed to meet the above concept with 4-elements and therefore 15 radiation patterns,
with the addition of a tunable network that distributes all the available power to only active
elements. Thus, the antenna is much more efficient.
In Chapter 4, polarization reconfigurable antennas are demonstrated with operation at
S- and X-band. A two-scheme circular polarization antenna is designed, with the simplest
approach and only one active component for low power consumption. Then, a superior
antenna system is designed to allow six polarization states, four linear (at 00, 45o, 90o, 135o)
and two circular (RHCP, LHCP), with extreme repeatability, where all schemes have the
same input reflection coefficient, radiation pattern, and realized gain. This is enabled due
to the development of a network that consists of a reconfigurable matching network,
tunable phase shifters, and an orthogonal mode-based radiating element. Moreover, this
network allows similar polarization diversity performance for array antennas as
demonstrated with a 4-element Chebyshev one.
All models achieve their reconfigurable radiating properties utilizing novel feeding
networks for resulting in a single feeding point.

5.2 FUTURE WORK
Future steps of this work revolve around the next points:
Fabrication and measurements – Some of the presented models need to be characterized
in order to be finalized. These models are the 64-element driven diplexer antenna in section
2.4; the 4-element cube antenna with 8 reconfigurable patterns in section 3.2; the low loss
4-element array antenna with 15 reconfigurable patterns in section 3.4; the low-loss 6polarization agile antenna in section 4.2.
Expanding the design concept – Based on the design technique in section 3.2, it is
possible to form new antenna models. These will be a three-pattern reconfigurable antenna
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out of two radiating units, and a seven-pattern reconfigurable antenna out of three radiating
units. Moreover, utilizing the design technique presented in section 3.4, a new model of
more independed activated ports can be achieved providing a greater number of
reconfigurable patterns with the same shared power each time.
Combination of reconfigurable properties – All antennas diversify with an individual
radiating property, which is either frequency, or pattern, or polarization. Hence, there is
room to combine two and three of such reconfigurable properties in a single antenna
system.

patriotis.marios@gmail.com
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